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Preface 


Hydrogen is the most abundant element in the universe and accounts for 
about 75% of the known mass of the universe. Both the hydrogen element 
(or atom, H) and hydrogen molecule (H,) have many unique chemical and 


physical properties. Atomic hydrogen is the smallest and lightest element. 
Hydrogen is not only an important chemical in itself, but also a major 
component of many important molecules, such as water, hydrocarbons, 
polymers, proteins, and deoxyribonucleic acid (DNA). For most organic 
and biological compounds, hydrogen is the major component in terms of 
number of atoms per molecule, and it only forms a relatively strong single 
bond with atoms such as carbon (C), nitrogen (N), and oxygen (O). 


Hydrogen is also a major element in many known stars and planets. Stars 
spend about 90% of their lifetime fusing hydrogen to produce helium in 
high temperature and high pressure reactions near the core. Thus, hydrogen 
is a critical element for the very existence of the universe on the grander 
scale. In particular, hydrogen is a critical energy source, since the nuclear 
fusion of hydrogen in the sun provides all the energy and supports all the 
activities on earth. 


When two hydrogen atoms combine, they form a stable molecule, H,, with 


a single and strong chemical bond. The bond dissociation energy is 
436 kJ/mole or 4.52 eV. The equilibrium bond length is 0.074 nm or 0.74 A. 
H, is a stable molecule but can react with a number of elements and 


molecules under appropriate conditions. One example is reaction with 
oxygen (O>) to form water. Such a reaction can release 241.826 kJ/mol 


energy, and is considered to be an environmentally clean energy release 
process. 
Among the many interesting properties of H,, its potential use as a clean 


and renewable fuel has attracted significant attention recently, especially 
given the rapidly increasing demand for energy and deteriorating 
environmental issues associated with use of fossil fuel on a global scale. H, 


is arguably an ideal fuel in many ways. First, when H, is consumed for 
energy production, the only byproduct is water, which is clean and useful. 


Second is the abundance of hydrogen and its potential low cost. The 
potential of hydrogen as a clean energy carrier is the primary focus of this 
book. 


Although hydrogen is abundant in Earth, in majority, it exists in stable and 
strong chemical bonds with atoms such as C, N, and O. To extract hydrogen 
from those compounds not only requires external energy input, but also a 
specific chemical reaction route. How to make such reactions simple, 
accessible, environmentally sustainable, and energetically efficient 
represents one of the greatest challenges. In addition, although hydrogen 
has the highest mass energy density among all the chemical fuels, it has 
almost the lowest volumetric energy density. Thus, another giant challenge 
for hydrogen fuel is how to store hydrogen with improved volumetric 
energy density while keeping the mass energy density high. Moreover, 
hydrogen poses several safety concerns, from potential detonations and 
fires in air, to being an asphyxiant in its pure, oxygen-free form. Thus, 
hydrogen must be handled with extreme care and caution. This also raises 
concerns about its safe use in energy applications. 


In this book, we cover some of the fundamental properties of hydrogen and 
recent developments in the generation, storage, and utilization of hydrogen 
as a potential sustainable energy carrier. Chapter 1 provides a brief 
overview of the basic properties of the hydrogen element and hydrogen 
molecule, including their electronic structure, optical and magnetic 
properties, and related safety precautions. Chapters 2—4 cover hydrogen 
generation. Chapter 2 focuses on hydrocarbons as a source for hydrogen 
generation through techniques such as steam reforming. Chapter 3 
concentrates on solar hydrogen generation with emphasis on water splitting 
using photocatalytic and photoelectrochemical methods. Chapter 4 
highlights other methods for hydrogen generation with focus on biological 
approaches. Chapters 5—7 cover hydrogen storage, with Chapter 5 focusing 
on established methods based on compression and cryogenics, Chapter 6 on 
chemical storage based on metal hydrides and hydrocarbon, and Chapter 7 
on physical storage using nanostructured and porous materials. Chapters 8— 
10 discuss several aspects of hydrogen utilization, including combustion 
(Chapter 8), fuel cells (Chapter 9), and chemical processes (Chapter 10). 
For each topic, we provide historic background and highlight significant 
and/or recent developments. Our objective is not to be comprehensive, as 


the literature is huge and fast growing, but rather to be illustrative using 
examples. 


While there are many challenges at present for using hydrogen as an energy 
carrier, encouraging progress has been steadily made. It is highly possible 
that with further research and development, one day hydrogen will become 
a major part of the energy enterprise. 
JIN ZHONG ZHANG 
JINGHONG LI 


Yat Li 


YIPING ZHAO 
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1 
Introduction to Basic Properties of Hydrogen 


1.1 Basics about THE Hydrogen Element 


Hydrogen is known as the most abundant element in the universe. It 
accounts for about 75% of the known mass of the universe. Hydrogen is a 
major element in many known stars and planets. For example, stars, when 
formed in the present Milky Way galaxy, are composed of about 71% 
hydrogen and 27% helium, as measured by mass, with a small fraction of 
heavier elements [1]. Stars spend about 90% of their lifetime fusing 
hydrogen to produce helium in high temperature and high pressure 
reactions near the core. Thus, hydrogen is a critical element for the very 
existence of the universe. 


Both the hydrogen atom (H) and hydrogen molecule (H,) have many 
unique chemical and physical properties. Hydrogen is also a major 
component of many important molecules, such as water, hydrocarbons, 
proteins, and DNA. It is safe to say that there would be no life if there were 
no hydrogen. 


The atomic hydrogen is the smallest and lightest element. The hydrogen 
atom consists of one proton (H*) and one electron, with no neutrons, and is 
usually denoted as tH or just H (also named as protium sometimes). 
Hydrogen has two common isotopes, deuterium (D or °H) and tritium (T or 
3H), that contain one and two neutrons, respectively, in addition to the one 
proton and electron that H contains. The abundance is 99.895%, 0.015%, 
and trace amount, respectively, for H, D, and T. While the mass differs 
significantly among the three isotopes, their electronic structures and 
properties are very similar since the neutrons have essentially no effect on 
the electronic properties that are mainly determined by the electron and 
proton. Other highly unstable nuclei (4H to ”H) have been synthesized in 
the laboratory but not observed in nature. 


The ionization energy for H atom is 13.6 eV or 1312.0 kJ mol, equivalent 
to a photon energy of 92 nm. Thus, H atom is highly stable under normal 
conditions. The ionized form of the H atom is the proton, H*, which has 
many interesting and unique properties of its own. It is the lightest and 
smallest atomic ion. Figure 1.1 shows the relevant energy levels for the 
ground electronic state of H atom relative to its ionized state (H* + e). In 
water, the proton is in the form of H,O* and plays a critical role in many 


biological processes. The proton is also related to acids and bases, which 
are two essential classes of compounds in chemistry and important for 
chemical industry. 


FIGURE 1.1 Relevant energy level of the ground electronic state of the H 
atom and its ionized state (H* + e). E is energy, n is the principal quantum 
number, r is the distance between the electron and proton; —(1/r) is the 
Coulombic attraction between the electron and proton; and 13.6 eV 
corresponds to the ionization energy of the H atom from its ground 
electronic state (n = 1 or 1s atomic orbital). 


Hydrogen atoms are reactive and can be combined with many elements to 
form a huge number of different compounds, including most organic and 
biological compounds, such as hydrocarbons, polymers, proteins, and DNA. 
For most organic compounds, the hydrogen is bound to the atoms of carbon 
and, to a lesser degree, nitrogen, oxygen, or other atoms, such as 
phosphorus and sulfur. The H atom only forms a relatively strong single 
bond with these atoms. 


1.2 Basics about the Hydrogen Molecule 


When two hydrogen atoms combine, they form a stable molecule, H», with 
a single and strong covalent bond. The equilibrium bond length is 0.74 A. 
The bond dissociation energy is 4.52 eV or 436 kJ mol. 


Extensive experimental and theoretical studies have been done on H; in 
terms of its electronic structures, optical properties, magnetic properties, 
and reactivity with other elements or compounds. Its small size and light 
mass make it convenient for theoretical and computational studies. For 
example, potential energy surfaces (PES) or curves for many electronic 
states of H, have been calculated with high accuracy [2, 3]. Figure 1.2 
shows some examples of PES of low-lying electronic states of H, [4, 5]. 


The ground electronic state and the first few excited states are all bound 
with respect to the bond distance between the two hydrogen atoms. 


H(1s) + H(2p) 


H(1s) + H(2s) 
uas X 


Energy / eV 


H(1s) + H(1s) 


RIA 


FIGURE 1.2 Examples of several low-lying PES of H,. Source: 
Reproduced with permission from Flemming et al. [4]. 


Because the large energy difference between the ground and first excited 
electronic states of H, (near 12 eV), there is no absorption of visible or UV 


light by H», thus H, gas is colorless. H» does absorb light in the vacuum 
UV (VUV) region of the spectrum. Since the three lowest excited electronic 


states are all bound, they are expected to be relatively long-lived and lead to 
fluorescence when excited by light in the VUV region. 


Molecular hydrogen has interesting magnetic properties, mainly due to its 
nuclear spin properties. There are two different spin isomers of H>, ortho 


and para, which differ by the relative spin of their nuclei. In the 
orthohydrogen form, the spins of the two protons are parallel to each other 
and form a triplet state with a molecular spin quantum number of 1 

([1/2] + [1/2]). In the parahydrogen form, the proton spins are antiparallel to 
each other and form a singlet state with a molecular spin quantum number 
of 0 ([1/2] — [1/2]). At standard temperature and pressure, H, gas contains 


about 75% of the ortho form and 25% of the para form, known as the 
normal form. The ortho form has a higher energy than the para form, and is 
thus unstable and cannot be purified. The ortho/para ratio depends on 
temperature, and decreases with decreasing temperature. This ratio in 
condensed H, is an important consideration in the preparation and storage 


of liquid hydrogen (see Chapter 5), since the conversion from ortho to para 
is exothermic and produces enough heat to evaporate some of the hydrogen 
liquid, leading to loss of liquefied material. The interconversion between 
the two forms and hydrogen cooling are often facilitated by catalysts such 
as ferric oxide, activated carbon, or some nickel compounds. 


H, is a stable molecule but can react with a number of elements and 


molecules under certain conditions. One classic example is reaction with 
oxygen (O>) to form water. Such a reaction can be carried out by way of 


combustion, which is fast and violent, as will be discussed in more detail in 
Chapter 8. 


Among the many interesting properties of H,, its potential use as a clean 


and renewable fuel has attractive considerable attention, especially given 
the increasing demand of energy and adverse environmental impact 
associated with use of fossil fuel. H, is an ideal fuel in several ways, 


including clean byproduct, water, in energy production process and 
abundance, making it potentially low cost. For example, Chapter 3 covers 
recent research efforts on photoelectrochemical water splitting for hydrogen 
generation. However, there are currently some major obstacles toward the 
practical use of hydrogen as a fuel, including hydrogen generation, storage, 


transport, and utilization. Efficiency and cost are two important factors to 
consider for each of these aspects. Safety is another factor of concern. 


A molecular ion, 43 , has been found in interstellar medium (ISM), which is 
generated by ionization of H, from cosmic rays. It is one of the most stable 


ions in the universe. The neutral form, H}, is not stable and can only exist in 
an excited state for a short period of time. 


1.3 Other Fundamental Aspects of 
Hydrogen 


Besides forming the hydrogen molecule, H>, the hydrogen element is 


involved in the formation of a large number of compounds, including water, 
hydrocarbons, and many important biological molecules, such as proteins 
and DNAs. Water is essential for life, and the water molecule contains two 
hydrogen atoms and one oxygen atom, bound together in a bent geometry. 
The H—O-H bond angle is 104.5° in the ground electronic state. The bent 
geometry results in a net permanent dipole moment of the water molecule. 
Hydrogen bonding between water molecules is another unique feature of 
water. The combination of hydrogen bonding and permanent dipole 
moment are largely responsible for the fact that water is a liquid at room 
temperature and 1 atm, a property critical for life. If we count the two lone 
pairs of electrons, water molecule has a near tetrahedral geometry with the 
oxygen atom in the center. In its ground electronic state, the water molecule 
has three vibrational frequencies: symmetric stretch (3657 cm“4), 
antisymmetric stretch (3756 cm‘!), and bending (1595 cm”!), based on gas 
phase data. The relatively high vibrational frequencies, in conjunction with 
fast rotation, are important for its role as a common solvent and other 
significant properties, such as heat conduction. 


Most organic molecules contain hydrogen atoms. Examples include 
saturated and unsaturated hydrocarbons, aromatic compounds, lipids, 
alcohols, ethers, and esters. Many small drug molecules, polymers, and 
petrochemicals, such as gasoline, are examples of important molecules that 
contain hydrogen. 


Almost all biological molecules contain hydrogen, for example, proteins 
and DNAs. Of course, complex structures, such as cells, viruses, bacteria, 
and tissues, all contain hydrogen as an essential element in their constituent 
components. 


1.4 Safety and Precautions about Hydrogen 


Hydrogen poses several safety concerns, from potential detonation and fire 
in air to being an asphyxiant in its pure, oxygen-free form. For instance, as 
a cryogen, liquid hydrogen presents dangers associated with very cold 
liquids. Hydrogen “dissolved” in metals can lead to cracks and explosions. 
Hydrogen gas in air may spontaneously ignite, and the detonation 
parameters, for example, critical detonation pressure and temperature, 
strongly depend on the container geometry. Thus, hydrogen must be 
handled with extreme care and caution in gaseous or liquid form. 
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2 
Hydrocarbons for Hydrogen Generation 


2.1 Basics about Hydrocarbons 


Hydrocarbons generally refer to a class of organic compounds that contain 
hydrogen and carbon atoms. Saturated hydrocarbons only contain C-H and 
C-C single bonds, while unsaturated hydrocarbons contain C=C double or 
C=C triple bonds besides single bonds. Hydrocarbons are very important 
for many applications, especially in the petroleum industry. The hydrogen 
content in hydrocarbons is often high, when measured in the form of atomic 
percentage. Methane (CH,), the major component of natural gas, has a 


hydrogen mass content of 25%, while propane (CH,CH,CH;3) contains 


about 18% of hydrogen by mass. The hydrogen content usually decreases 
with increasing hydrocarbon molecular weight or size. 


Under ambient conditions (one atmosphere pressure and room temperature), 
hydrocarbons can exist as gas, liquid, or solid, depending on molecular 
weight or size. Usually, lighter or smaller molecules are found in gas phase, 
while heavier and larger ones are in liquid or solid phase. This is due to 
strong intermolecular interaction in large molecules since they are more 
polarizable or have larger induced dipole moments. 


About 95% of hydrogen produced today comes from carbonaceous raw 
materials, primarily fossil in origin. Hydrogen is generated from 
hydrocarbons by first breaking the C-H bond. Because this is a relatively 
strong bond, significant energy is required to break it, which is often 
supplied by heating to high temperature. Like in many chemical reactions, 
catalysis can be used to weaken the C-H bond, facilitating the bond 
breaking for hydrogen generation. One of the most common approaches is 
steam reforming, which involves hydrocarbons and water steam for 
hydrogen generation, as discussed next. 


2.2 Steam Methane Reforming 


Steam reforming of natural gas (CH,) is the most common method for 


making commercial bulk hydrogen. Most of the hydrogen manufactured in 
the United States today is from steam reforming of natural gas. At high 
temperatures (1000—1400 K or 700—1100°C), steam (water vapor) reacts 
with methane to generate carbon monoxide (CO) and H, based on the 


following reaction: 


The standard heat of reaction for this reaction is AH»9g = +206.1 kJ/mol and 


it is endothermic, requiring external energy input. Even though the reaction 
is favored at low pressure based on Le Chatelier's principle, it is usually 
conducted at high pressure (20 atm) since high pressure H, is the most 


marketable product, and purification based on pressure swing adsorption 
(PSA) works better at higher pressures (e.g., 700—850°C) [1]. The external 
heat needed is supplied by combustion of a fraction of the incoming natural 
gas or from burning waste gases. The energy conversion efficiency, defined 
as the ratio of hydrogen out/energy input, for large-scale reformers is 
typically in the 75-80% range. Methane and water steam react in tubes 
filled with catalysts, and the steam-to-methane mass ratio is 3 or higher to 
avoid carbon buildup or “coking” on the catalyst. 


Factors that affect the steam reforming reaction include pressure, 
temperature, and catalyst used. Usually Ni or the noble metals Ru, Rh, Pd, 
Ir, and Pt are used as the active catalysts. Due to its low cost, Ni is the most 
widely used catalyst even though it is less active and usually more prone to 
deactivation by, for example, carbon formation or oxidation [1]. The 
activity of a catalyst usually increases with the metal surface area, and thus 
the catalytic activity benefits from a high dispersion of metal particles. The 
metal catalysts are usually supported on oxides such as MgO or Al,O3, and 


the support can have substantial influence on the dispersion and catalytic 
activities of the catalysts and thereby the reaction performance. 


In a recent study, a new concept based on sorption-enhanced reaction (SER) 
for steam-methane reforming (SMR) was demonstrated to directly produce 
fuel-cell grade H, (~10 ppm CO) with very high CH, to H, conversion 
efficiency (>99%) using an admixture of a commercial SMR catalyst and a 
CO, chemisorbent, K CO, promoted hydrotalcite [2]. The reaction was 


carried out at a much lower temperature (520—590°C) than the conventional 
reaction temperature of 700—900°C without sacrificing the reactor 
performance. It also eliminates the subsequent H, purification step by a 


conventional PSA process. Figure 2.1 shows a schematic of the thermal 
swing sorption-enhanced reaction (TSSER)-steaming methane reforming 
(SMR) concept. The overall outcomes are attributed to four related factors: 
(a) favorable thermodynamic equilibrium of the highly endothermic SMR 
reaction at the higher reaction temperature, (b) faster kinetics of SMR 
reaction at higher temperatures, (c) favorable removal of CO, from the 


reaction zone at lower temperatures, and (d) higher cyclic working capacity 
for CO, chemisorption at higher temperature. 


SORPTION-ENHANCED SMR REACTION | 


CH, + H20 
— 


Fuel Cell Grade 
Hydrogen 


Super Heated 
Steam 


| Basic Principles of TSSER - SMR Concept | 


FIGURE 2.1 Schematic of the thermal swing sorption-enhanced reaction 
(TSSER)-steam-methane reforming (SMR) concept. Source: Reproduced with 


permission of Beaver et al. [2]. 


Usually, following reforming, the resulting syngas is sent to one or more 
shift reactors in which the water-gas shift reaction takes place and generates 
more hydrogen: 


(2.2) CO+H,0—- CO, +H.. 


In practice, this shift reaction is often conducted in two stages: first in a 
high temperature shift reactor operating in the 350—475°C range that does 
most of the conversion and then a low temperature reactor operating in the 
200-—250°C range that brings the CO concentration to less than a few % by 
volume. Lower temperature reaction requires more active catalysts. 


The final step is hydrogen purification, which can be accomplished using 
PSA systems or palladium membranes, producing hydrogen with up to 
99.999% purity. CO removal is a major step and can be done using 
preferential oxidation based on the following reaction: 


(2.3) CO + y O, = CO,. 


This reaction is strongly favored over hydrogen oxidation, thereby allowing 
preferential removal of CO to the level of a few part per million. 


Methane steam reformers have been built over a large range of sizes and 
types, including conventional, compact “fuel cell type,” plate-type, and 
membrane reactors, as summarized in an excellent review article [1]. We 
will not get into details of reformers here. Briefly, Figure 2.2 shows a 
schematic of a small-scale methane steam reformer designed for fuel cell 
applications that involved convective heat transfer. Compared with 
conventional tube reformers, such “fuel cell type” reformers can operate at 
lower pressure and temperature with lower cost materials, reducing the 
overall cost associated with the operation. This type of reformers is 
commercially available. 
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FIGURE 2.2 Schematic of a compact, tubular, small-scale methane 


reformer designed for fuel cell applications with convective heat transfer. 
Source: Reproduced with permission from Ogden [1]. 


2.3 Partial Oxidation 


Another important method for H, production is partial oxidation of 


hydrocarbons. Figure 2.3 shows a flow chart on the comparison between the 
steam reforming and partial oxidation methods [1]. While both methods are 
based on thermochemistry for hydrogen generation, they differ mainly in 


the source of oxygen, that is, water for steam reforming and oxygen gas for 


partial oxidation. 
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FIGURE 2.3 Comparison of the steam reforming and partial oxidation 
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methods. Source: Reproduced with permission from Ogden [1]. 


For example, methane can be partially oxidized to produce CO and H, 


based on the following reaction: 


(2.4) 2 CH, +0, ~2CO+4H,. 


The standard heat of reaction of this reaction is AH59g = —71 kJ. Since it is 


exothermic, no indirect heat exchanger is needed. Because of the high 


temperature involved, no catalysts are required for the reaction. However, 
the hydrogen yield can be substantially increased with the use of catalysts. 
Compared with Equation 2.1, this reaction is clearly lower in yield of H, for 


a given amount of CH,. A typical hydrogen production plant based on 


partial oxidation includes a partial oxidation reactor, a shift reactor, and 
hydrogen purification equipment. 


2.4 Methanol and Ethanol Steam Reforming 


Besides methane, methanol is another major candidate for H, production 
via steam reforming through the following reaction: 


(2.5) CH,0OH+H.O0—CO,+3H, AH = +49 kJ. mol”. 


Among the different possible reactions involving methanol for hydrogen 
generation, this reaction offers the highest maximum hydrogen content in 
the product gas (75%) [3]. In addition, since no gases need to be 
compressed in the feed, the reaction can easily be carried out at higher 
pressure, thus keeping membranes as an option for the successive gas clean- 
up step. The endothermicity of the reaction, however, requires external 
heating of the reactor, which makes it challenging to achieve short start-up 
times and fast transient behavior desired for some applications, such as in 
automobiles. Like in steam methane reforming, efficient conversion of 
methanol to hydrogen requires the use of catalysts. Common catalysts for 
this purpose include Cu/ZnO/Al,03, Cu-Mn—O, and Cu-based binary 


metals, such as Cu/Cr, Cu/Zn, and Cu/Zr [4, 5]. The choice of catalyst has a 
great influence on the methanol conversion and carbon dioxide selectivity 
of the reforming reaction. 


Besides large-scale reformers, there is interest in developing small 
reformers for portable electronics applications. Toward this goal, a silicon- 
chip based microreactor has been successfully fabricated and tested to carry 
out the reaction of methanol reforming for microscale hydrogen production 
[6]. The developed microreactor, in conjunction with a micro fuel cell, is 
proposed as an alternative to conventional portable sources of electricity, 
such as batteries, due to its ability to provide an uninterrupted supply of 
electricity as long as a supply of methanol and water can be provided. The 


microreformer-fuel cell combination does not require recharging, as 
compared with conventional rechargeable lithium-ion batteries, and affords 
a significantly higher energy storage density. The microreactor consists of a 
network of catalyst-packed parallel microchannels of depths ranging from 
200 to 400 um with a catalyst particle filter near the outlet fabricated using 
photolithography and deep-reactive ion etching (DRIE) on a silicon 
substrate. Experimental runs have demonstrated a methanol to hydrogen 
molar conversion of at least 85-90% at flow rates enough to supply 
hydrogen to an 8- to 10-W fuel cell. 


Similar to methane or methanol, ethanol can also be used for hydrogen 
generation through steam reforming. Unlike methane and methanol, 
however, ethanol can be prepared from agricultural products and residues, 
and thus represents a renewable resource. One of the major mechanisms 
proposed for ethanol steam reforming is given below [7]: 


(2.6) C,H;OH + H,O — CH, + CO, +2H, 
(2 7) CH, + H,O —CO+3 H, 
(2 8) CO+ H,O — CO, + H.. 


Similar to other steam reforming reactions, catalysts play a critical role in 
ethanol steam reforming [7]. For example, an earlier study has found that 
Ni/La,O3 catalyst exhibits high activity and good long-term stability for 


steam reforming of ethanol and is a good candidate for ethanol reforming 
processors for fuel cell applications [8]. Another study has found that 
oxidative reforming of biomass-derived ethanol can be carried out over an 
inexpensive Ni—Cu/SiO, catalyst with respect to solid polymer fuel cell 
(SPFC) applications [9]. The reaction can be performed either under diluted 
conditions (with helium as diluent) or under conditions corresponding to an 
on-board reformer. Selectivity of ethanol reforming depends on a number of 
operating parameters, including reaction temperature, H,O/EtOH molar 
ratio, and O,/EtOH molar ratio of the feed to the reformer. Figure 2.4 shows 
the effect of the reaction temperature on the selectivity of the reforming 
reaction. The hydrogen content and the CO,/CO, molar ratio in the outlet 


gases have been used as parameters to optimize the operating conditions in 
the reforming reactor. The tests carried out at on-board reformer conditions 


have shown that an H»O/EtOH molar ratio = 1.6 and an O./EtOH molar 
ratio = 0.68 at 973 K allow a hydrogen-rich mixture (33%) considered of 
high interest for SPFC. The use of oxygen decreases the production of 
methane and coke that, in turn, increases the lifetime of the catalyst, which 
has been demonstrated to exhibit good long-term stability. 
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FIGURE 2.4 Selectivities of ethanol reforming as a function of 
temperature (H2 O/EtOH = 3.7). Source: Reproduced with permission from Fierro et 
al. [9]. 


In a recent study, dielectric barrier discharge (DBD), the electrical discharge 
between two electrodes separated by an insulating dielectric barrier, was 
used for the generation of hydrogen from ethanol reforming [10]. It was 
found that the increase of ethanol flow rate decreased ethanol conversion 
efficiency and hydrogen yield, and high water/ethanol ratio and addition of 
oxygen were advantageous for hydrogen production. Figure 2.5 shows the 
dependence of selectivity of product gases on the flow rate of ethanol. The 
ethanol conversion efficiency and hydrogen yield increased with the 
vaporization at room temperature up to the maximum at first, and then 
decreased slightly. The maximum hydrogen yield of 31.8% was obtained at 
an ethanol conversion of 88.4% under the optimum operation conditions of 
vaporization temperature of 120°C, ethanol flux of 0.18 mL min™t, 
water/ethanol ratio of 7.7, and oxygen volume concentration of 13.3%. 
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FIGURE 2.5 Dependence of selectivity of product gases on the flow rate 
of ethanol. Source: Reproduced with permission from Wang et al. [10]. 


2.5 Glycerol Reforming 


Glycerol represents another important renewable source for H,. With a 
chemical formula of C,;H,Os, it is a saturated and oxygenated hydrocarbon 


with one OH group on each of the three carbon atoms and a one-to-one 
oxygen-to-carbon ratio. It is edible, biodegradable, nonflammable, 
nontoxic, and high boiling. Glycerol can be synthesized from propylene 
oxide, sorbitol, or glucose, or obtained as a byproduct in several industrial 
processes, such as soap manufacturing, biodiesel production, or 
lignocellulose-to-ethanol conversion. 


2.5.1 Glycerol Reforming Processes 


Glycerol reforming has been extensively studied recently, including steam 
or aqueous reforming, catalytic partial oxidation, and autothermal 
reforming [11]. The different reforming processes are classified based on 
the source of heat and the type of reactants. In general, the glycerol 
reforming is endothermic and can be represented as follows: 


(2 9) C,H;0, — a H,O + yO, —ada CO, +h CO +c H,0+d H, +e CH,. 


When x > 0 and y = 0, the process is steam reforming that, as a vapor phase 
catalytic reaction, occurs at high temperature (e.g., 800°C) and low pressure 
(e.g., 0.1 MPa). The reaction can be represented as: 


C,H;O; +3H,0-—3C0,+7H, AH =128 kJ. mol”. 
(2.10) 


For every mole of glycerol, 7 mol of H, is produced based on 


stoichiometry, which is highly favorable. Major issues include byproduct 
formation (e.g., CO), catalysts deactivation, and high energy consumption. 
To lower the energy requirement, the reforming can be carried out in the 
aqueous phase at lower temperature (e.g., 225°C) and high pressure (e.g., 

2 MPa). One added advantage of this process is the lower CO concentration 
in the reformate since the water gas shift reaction is favored at lower 
temperature. However, limitations of this process include the high pressure 
requirement and low H, selectivity due to the possible formation of alkanes. 


When x = 0 and y > 0 and oxygen is used to provide the heat required 
internally, catalytic partial oxidation takes places and can be represented as: 


(2.11) CsHsOs + 3/20. +3CO2+4H2 AH = —603 kJ - mol" 


This overall process is exothermic and produces 4 mol of H, for every mole 


of glycerol. The conversion efficiency, as well as reaction temperature and 
pressure required, depend strongly on the catalysts used, for example, Ni, 
Co, Pt, Ru, and Rh. A more detailed discussion of some examples of 
catalysts and related reactions mechanisms will be given later. 


Similarly, in autothermal reforming (x > 0 and y > 0), oxygen, water steam, 
and glycerol react in the presence of a catalyst. The reaction can be given 
as: 


(2.12) CsHsOs + 3/2 H30+ % 02 + 3CO,+11/2H2 AH=—240KJ-mol" 


For every mole of glycerol, 5.5 mol of H, is produced. It should be pointed 
out that the heat of reactions for processes represented by Equation 2.10, 
Equation 2.11, and Equation 2.12 vary substantially in different reports 
[12]. 


2.5.2 Mechanistic Aspects of Glycerol Reforming 
Reactions 


The overall reforming process involves a number of complex reactions, 
some of which lead to the formation of byproducts. The primary reactions 
are given by [13]: 


(2.13) CsHsOs +3CO+4H2 AH=251kJ-mol” 
(2.14) CO+H,0—CO,+H, AH=—41kJ-mol™. 


Equation 2.13 represents glycerol decomposition in the presence of water, 
whereas as Equation 2.14 denotes the water gas shift reaction. The sum of 
the two reactions is the overall reaction represented in Equation 2.10. No 
oxygen is required for this reaction. High temperatures, low pressures, and 
high water/glycerol ratios favor H, production. 


Some of the side reactions, including methane formation, are represented 
below: 


(2.15) CO+3H2 + CHs+H20 AH=—206 kJ. mol” 
(2.16) CO: +4 H + CH, +2H,0 AH =-—165 kJ- mol". 


The formation of CH, is favored at high pressures, low temperatures, and 
low water/glycerol ratios. The methane formed can react with CO, to 
produce CO and H3. Other side-reactions can lead to coke formation on the 


surface of catalysts, and some of which are represented by the following 
reactions: 


(2.17) 2CO+C0.+C AH=-171.5kJ-mol™' 
(2.18) CO+H: +H20+C AH=—131kJ-mol™. 


In addition, CH, decomposition and reaction between CO, and H, can also 
result in coke formation. To minimize methane and coke formation and 
enhance H, production, the reactions are usually carried out at high 
temperature (>627°C), a pressure of 0.1 MPa, and a water/glycerol molar 
ratio of 9 [11]. 


Similar mechanistic and thermodynamic studies have been conducted for 
other reforming processes, for example, those involving aqueous water and 
H,O>. Oxidation plays an important role in these cases. 


2.5.3 Catalytic Reforming of Glycerol 


Similar to reforming of methane and methanol or ethanol, catalysts can 
accelerate the glycerol reforming process. Catalysts such as Ni, Co, Pt, Ru, 
and Rh, supported by metal oxides such as Al,O3, TiO», MgO, or CeO, are 


often used. The catalytic reactions are proposed to involve dehydrogenation 
of the glycerol and chemisorption on the catalyst surface via carbon and/or 
oxygen atoms. Cleavage of C-C bond (AH = 347 kJ mol!) and subsequent 
dehydrogenation result in the formation of adsorbed CO, which is desired 
for reactions such as the water—gas shift reaction. However, C—O bond 
cleavage (AH = 358 kJ mol‘) and subsequent hydrogenation can occur and 
lead to formation of side-products, such as small alkanes and alcohols. 


The outcome of the reforming process depends on a number of important 
factors, including the chemical nature of the catalyst, temperature, pressure, 
and initial water/glycerol molar ratio. For a given temperature (e.g., 900°C) 
and water/glycerol ratio (e.g., 9 : 1), the glycerol conversion has been found 
to be in the order of Ni > Ir > Pd > Rh > Pt > Ru, while the H; selectivity is 
in the order of Ni > Ir > Ru > Pt > Rh, Pd [14]. For a given catalyst, the 
reaction temperature and water/glycerol ratio are critical in determining the 
glycerol conversion efficiency and hydrogen selectivity. Figure 2.6 shows 
an example of the dependence of hydrogen selectivity and glycerol 
conversion efficiency on the catalyst used, Ni/Al,O3 versus Rh/CeO,/AI,O3 


[14]. While Rh/CeO,/Al,03 showed better glycerol conversion efficiency, 
Ni/Al,O3 exhibits much better hydrogen selectivity. 
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FIGURE 2.6 Hydrogen selectivity and glycerol conversion over (a) 
Ni/Al,O3 and (b) Rh/CeO,/Al,O3 for 13 hours at 900°C, with a feed flow 


rate of 0.15 mL min“! and water to glycerol ratio of 6. Source: Reproduced 
Sly 


with permission from Adhikari et al. [14]. 


2.6 Cracking of Ammonia and Methane 


Another approach to hydrogen generation is thermal decomposition or 
cracking of inorganic or organic compounds that contain hydrogen. 
Examples of such compounds include ammonia and methane. 


2.6.1 Ammonia Cracking 


Ammonia is an important industrial chemical produced in large quality each 
year. It is used for many applications, including fertilizers in agriculture. 
Since it can be relatively easily stored and transported, and contains a 
significant amount of hydrogen, it is considered as a good source for 
hydrogen. One additional advantage is that N, as the by-product of 


hydrogen generation can be released into the atmosphere without causing 
any negative environmental impact. The hydrogen generation reaction is as 
follow: 


(2.19) 2NH;+N2+3H, AH=46.22kJ-mol™'. 


It is usually conducted at high temperature (>900°C) in a process called 
cracking [15]. The cracking process is thermally efficient and simple. It is 
usually not necessary to carry out fine purification after ammonia cracking. 
Furthermore, co-reactants such as water are not required. 


The reaction rate depends on temperature, pressure, and the catalyst used. 
The theoretical limit for the lowest working temperature possible is given 
by the chemical equilibrium for the dissociation reaction. Figure 2.7 shows 
that a nearly complete conversion from ammonia to hydrogen and nitrogen 
at higher temperatures (near 430°C) and atmospheric pressure is possible 
[15]. 
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FIGURE 2.7 Chemical equilibrium of 2NH, = N, + 3 H, as a function of 


temperature and pressure. Source: Reproduced with permission from Hacker and 
Kordesch [15]. 


Catalysts used for ammonia dissociation include materials such as porcelain 
or silica glass, metals such as Fe, W, Mo, and Ni, as well as noble metals 
and metal oxides. Active catalytic reactions are usually conducted in the 
temperature range from 700 to 1100°C. Commercially available simple 


catalyst materials such as nickel oxide or iron oxide on aluminum and the 
influence of the addition of noble metals such as Pt have been investigated. 


The synthesis of ammonia in industry is usually based on the reverse 
process of Equation 2.19, that is reaction between hydrogen and nitrogen, 
which is exothermic thermodynamically but is only effective under pressure 
and high temperature and with catalysts due to high kinetic barriers. Also, 
ammonia cannot be simply released since it is hazardous. Thus, it is not 
easy to use the reaction between hydrogen and nitrogen as a direct means 
for energy generation as in the case of hydrogen reaction with oxygen. 
However, if ammonia can be produced at a low cost, it is a potential source 
for hydrogen, which is a promising energy carrier. 


One major driving force for ammonia synthesis is nitrogen fixation for 
producing fertilizers. There are a number of large-scale ammonia 
production plants worldwide, producing a total of 131 million tons of 
ammonia in 2010 and projected to reach near 200 million tons by 2012. 
Hydrogen is used for ammonia synthesis and is mainly produced from 
natural gas or other liquefied petroleum gases such as propane or butane, or 
petroleum naphtha. Figure 2.8 shows a flow chart of typical options for 
producing and purifying ammonia synthesis gas. 
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FIGURE 2.8 Different options for generating and purifying ammonia 
synthesis gas. Source: Reproduced with permission from Appl [16]. 


The first step in the process is to remove sulfur compounds from the 
feedstock because sulfur deactivates the catalysts used in subsequent steps. 
Sulfur removal requires catalytic hydrogenation to convert sulfur 
compounds to gaseous hydrogen sulfide, which is then absorbed and 
removed by passing through beds of ZnO, where it is converted to solid 


zinc sulfide. The second step is catalytic steam reforming of the sulfur-free 
feedstock to form hydrogen plus carbon monoxide. The third step uses 
catalytic shift conversion to convert the carbon monoxide (reacting with 
H,O) to carbon dioxide (which is then removed) and hydrogen. The fourth 


step is production of hydrogen via catalytic methanation, including removal 
of any small residual amounts of carbon monoxide or carbon dioxide from 
the hydrogen. The final step is to produce the desired end-product 
ammonia, in which hydrogen is catalytically reacted with nitrogen (derived 
from process air) to form anhydrous liquid ammonia. This step is known as 
the ammonia synthesis loop (also referred to as the Haber—Bosch process). 


2.6.2 Methane Cracking 


Similarly, hydrogen can be produced by cracking of methane. Compared 
with methane steam reforming, no CO is generated during the cracking 
reaction, thus there is no need for separating CO from hydrogen after the 
reaction. The methane cracking reaction is as follows: 


(2.20) CH,=C,+2H,; H=74.8kJ-mol"', 


where C, stands for solid carbon. Besides the desired product, hydrogen, the 


only byproduct is carbon, which is usually in the form of filamentous 
carbon or carbon nanotubes [17]. Separation of unreacted methane and 
hydrogen can be readily achieved by adsorption or membrane separation to 
produce a stream of hydrogen with 99% by volume, which is much simpler 
than the reforming process with complicated separation processes that 
involve CO, or CO. This can be especially important for proton-exchange 


membrane (PEM) fuel cells, in which the Pt-based electrocatalyst can be 
poisoned by CO. The carbon nanotubes produced as a solid product are 
commercially useful in applications such as adsorption, catalysis, or carbon 
storage. 


The cracking reaction is strongly temperature dependent and much more 
effective with catalysts used. Examples of catalysts include Ni, Fe, Co, and 
activated carbon, usually supported by substrates like SiO}, TiO, ZrO», 
Al,03 MgO, graphite, or composites of the oxides. Noncatalytic methane 
cracking is very slow at temperatures below 1000°C, while catalytic 
cracking of methane can be conducted at temperatures as low as 500°C. 


Figure 2.9 shows the predicted equilibrium methane conversion as a 
function of temperature based on thermodynamic considerations and data 
without using catalyst [17]. Also shown in the figure is the number of moles 
of CH,, H,, and C for an initial 100 mol of CH4. It is clear that the 


equilibrium conversion increases with increasing temperature, starting from 
30% conversion at 500°C to almost complete conversion at 1000°C. 
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FIGURE 2.9 Equilibrium composition and conversion as a function of 
temperature. The figure shows the equilibrium number of moles based on 
an initial 100 mol of CHy. Source: Reproduced with permission from Amin et al. [17]. 


For catalytic reactions, iron group metals are known to have the highest 
activity for general hydrocarbon cracking. For methane, which is the most 
stable compared with other hydrocarbons, Ni has been found to be the most 
active catalyst among the iron group metals. Direct comparison shows that 
the catalytic activity for the iron group metals is: Ni > Co > Fe [18]. The 
byproduct, carbon, can cause deactivation of the catalysts by encapsulating 
them. Regeneration of the catalysts can be done with steam or air. 


Different mechanisms of methane cracking reaction have been proposed 
[17, 19, 20]. Most of the proposed mechanisms involve step-wise removal 
of H from the initial CH,, via radicals such as CH3, CH», and CH, and 
finally formation of H, from H atoms. The initial CH, and the reaction 
intermediates or radicals are adsorbed on the catalysts that lower the 
activation energy of reactions, leading to breaking of the C-H bonds. The 


initial CH, can be dissociatively or nondissociatively adsorbed while the 
subsequent steps are similar. 


2.6.3 Other Decomposition Methods 


There are other ways for generating hydrogen from hydrocarbons. For 
example, methane and higher hydrocarbons can be directly decomposed to 
hydrogen and carbon over molten magnesium (Mg) as a catalyst [21]. 
Hydrogen as well as micrometer-size carbon particles could be formed as 
products. The catalyst loses activity because of the evaporation of metal 
Mg. The activity of the catalyst can be recovered by heating the upper cold 
section of the reactor to circulate Mg back to the reactor bed. MgC; was 
has been identified as reaction intermediate in the reaction, as shown in the 
proposed reaction mechanism in Figure 2.10. It was suggested that since 
magnesium is more electropositive than carbon and hydrogen, the breaking 
of C-C and C-H bonds should involve the valence electrons of magnesium. 
With the evolution of hydrogen gas and the decomposition of the 
magnesium carbides, metallic magnesium is regenerated. 


oe ¢ Ni ail 


Fa iT D ‘ee 
ME oc C-H bond Mg 
C-C bond H bo 
\ e/\c T MgC : Mg,C; AS 
—¢——_c—_ 
Ce’ tamg = SO 
4 
Ly Mg?“ £ D 
H, 


FIGURE 2.10 Proposed mechanism of reaction. Source: Reproduced from 
Wang et al. [21]. 


Compared with the reforming process, the hydrocarbon direct 
decomposition process produces CO-free hydrogen, does not emit CO, to 
environment, generates useful carbon powder, and is also an energy-saving 
approach for hydrogen preparation. To form each mole of hydrogen by 


methane, direct decomposition only consumes about 65.1% of the energy as 
that needed in the steam reforming of methane. The reaction is also proved 
to be useful in the decomposition of waste polyolefins, such as poly olefin 
plastic and rubber. 


2./ Summary 


Hydrocarbons are important carriers and sources of hydrogen. Due to their 
high chemical stability, generation of hydrogen from hydrocarbons is 
generally an energy-consuming process, and usually requires heating and 
catalysis for high efficiency. Compared with other methods of hydrogen 
generation, using hydrocarbons has some pros and cons. The main 
limitation is that it uses fossil-based chemicals. One major advantage is that 
the major infrastructure is already in existence for handling and delivering 
hydrocarbons. At least for the foreseeable future, hydrocarbons will still be 
expected to be the major source for hydrogen. The need for small-scale 
reformers for portable or mobile applications is expected to grow, and 
further research and development are needed in these areas. 
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3 
Solar Hydrogen Generation: Photocatalytic 
and Photoelectrochemical Methods 


3.1 Basics about Solar Water Splitting 


Water splitting is a chemical process that converts water into hydrogen and 
oxygen. It represents one of the most important reaction for hydrogen fuel 
production, as water is the most abundant hydrogen source on the Earth. 
However, water splitting is a thermodynamically uphill reaction: 


H,O—H, + lo, (AG ~ 237.2 kJ - mol`}; 1.23 V vs. NHE). 


Therefore, a minimum potential of 1.23 V is required to overcome this 
thermodynamic barrier. In practice, there is an additional kinetic barrier 
(overpotential) for charge carrier transfer for water oxidation and proton 
reduction. The overpotentials for these reactions are material dependent. 
Thus, practically the minimum energy required for water splitting is higher 
than 1.23 V. The required energy can be obtained from a nonrenewable or 
renewable energy sources. For instance, electrolysis is the most direct 
method to split water by applying a potential higher than the minimum 
required energy. The common industrial electrolyzer with platinum as 
catalyst can achieve a hydrogen production efficiency of around 70% [1]. 
Nevertheless, this process simply transforms electricity into chemical 
energy in the form of hydrogen, and electric power expense has the largest 
share in the price of electrolytic hydrogen, which is not a promising 
solution for energy sustainability. Additionally, using platinum electrodes 
significantly increases the cost of electrolyzers, and thus, the cost of 
producing hydrogen. 


Alternatively, a number of methods have been developed to split water in a 
clean and more cost-effective manner by using renewable solar energy [2]. 
For instance, an electrolyzer system can be powered by solar cells, such as 
silicon-based solar cells or dye-sensitized solar cells. The solar cells can 


harvest solar energy and provide photovoltages. Therefore, solar cells can 
be connected in series to supply the required potential for electrolysis. 
Using a combination of conventional electrolyzer and a commercially 
available solar cell with 10—15% of conversion efficiency, a solar-to- 
hydrogen efficiency of ~10% could be potentially achieved. Nevertheless, 
the relatively high cost of solar cells and electrolyzers are major drawback 
of this approach. In this regard, a photocatalytic or photoelectrochemical 
(PEC) system consisting of semiconductor materials that can harvest light 
and use this energy directly for splitting water is a more promising and cost- 
effective way for solar hydrogen generation. In this chapter, we will 
highlight recent research progress in photocatalytic and PEC water splitting. 


3.2 Photocatalyic Methods 


3.2.1 Background 


With the rapid growth of global population, new energy resources should be 
explored to address the continuously growing demand for energy. 
Renewable solar energy is a promising solution to energy sustainability. In 
order to obtain continuous and stable power supply, it requires efficient and 
cost effective energy storage carriers or device to store solar energy during 
intermittent sunlight irradiation [3]. Inspired by photosynthesis, which 
converts solar energy into chemical energy that is stored in the form of 
carbohydrates, great efforts have been made to mimic this natural process 
using man-made materials for solar water splitting to generate hydrogen 
fuel [3, 4]. Ideally, hydrogen gas can be continuously generated when 
photocatalyst powders are dispersed in water under solar light illumination. 
However, the photocatalyst must overcome the uphill Gibbs free energy 
change to drive this reaction [5]. 


The first demonstration of artificial photosynthesis was reported by Honda 
and Fujishima in 1972 using semiconductor TiO, as photocatalyst [6]. 
When the energy of incident light is larger than the bandgap energy of the 
semiconductors, photoexcited electrons and holes will be created in the 
conduction band and valence band, respectively. Water molecules will be 
reduced by the electrons in the conduction band to form H, gas, and 


oxidized by holes in the valence band to generate O, gas [5]. To serve as 


good photocatalysts, semiconductor materials should satisfy several key 
requirements [7]. First, the band edge positions should straddle the 
electrolysis potentials of H'/H, (0 V vs. NHE) and O,/H,O (1.23 V vs. 


NHE). Therefore, the theoretical minimum energy required for water 
splitting is 1.23 eV. However, taking account of the presence of 
overpotential for water reduction and oxidation on semiconductor surfaces, 
the actual energy for water splitting should be at least 1.8 eV [5]. Second, 
the bandgap of photocatalysts should be small enough to absorb a 
significant portion of solar light. Third, the semiconductors must be 
chemically stable during water oxidation and reduction in aqueous solution 


[7]. 


A number of strategies have been developed to improve the photocatalytic 
water-splitting performance of semiconductors. One strategy is bandgap 
engineering to improve photon absorption efficiency. The overall solar-to- 
hydrogen efficiency is closely related to the light absorption efficiency. For 
example, nitrogen doping has been demonstrated to increase visible light 
photoactivity of TiO, in water splitting by introducing nitrogen as 
impurities to narrow the bandgap [8]. A second strategy is improvement of 
charge separation and suppression of the electron—hole recombination loss. 
For instance, considerable efforts have been placed to develop 
semiconductor nanostructures that have a large surface area and short 
carrier diffusion length, which are beneficial for charge separation and 
suppression of electron—hole recombination [7]. A third strategy is the 
construction of surface reaction sites for water oxidation or reduction. For 
example, Pt-modified semiconductors have been used to reduce the 
overpotential of water reduction and to improve the efficiency of hydrogen 
generation [9]. 


A number of semiconductors have been studied for solar hydrogen 
generation. These semiconductors can be classified into metal oxides such 
as TiO, [10, 11], ZnO [12, 13], and SrTiO3 [14], metal oxynitrides such as 
TaON [15, 16], metal nitrides/phosphide such as TaN; and InP; [17, 18], 
metal chalcogenides [9, 12], and silicon [19, 20]. The conduction bands of 
all these semiconductors are more negative than water reduction potential 
(0 vs. NHE), which ensure spontaneous water reduction when the 
semiconductors are illuminated with light energy larger than their bandgap 


energies. In this chapter, we will discuss the recent progress in developing 
different kinds of semiconductors for photocatalytic hydrogen generation. 


3.2.2 Metal Oxides 


Metal oxides have been extensively studied as photocatalysts for solar 
hydrogen generation, since the first demonstration of photocatalytic study 
of TiO, in 1972 [6]. TiO, and ZnO are two common semiconductor 


photocatalysts, due to their low cost and favorable band edge positions for 
hydrogen generation [10, 11, 14]. However, the photocatalytic performance 
of ZnO and TiO, are limited by their large bandgap and rapid charge 
recombination. In this regard, nanostructured metal oxides have been 
designed to improve the charge separation at the interface between 
semiconductor and electrolyte [4, 7]. Element doping, such as nitrogen 
doping, has also been used to narrow their bandgap and thereby increase the 
visible light absorption [8, 13, 21]. 

Recently, Chen et al. developed an alternative approach to improve visible 
and near infrared optical absorption of TiO, by introducing surface disorder 
through hydrogen treatment [22]. Hydrogen-treated TiO, nanoparticle 
consists of a crystalline TiO, core and a highly disordered surface layer 
[22]. Creation of large amount of lattice disorder yields mid-gap states in 
TiO. Instead of forming discrete donor states near the conduction band 


edge, these mid-gap states can form a continuum extending to and 
overlapping with the conduction band edge, which are often also known as 
band tail states [23]. Similarly, the large amount of disorder can result in 
band tail states merging with the valence band [23]. Therefore, the bandgap 
and optical property of TiO, can be significantly changed by creating 
surface disorder. The color of TiO, changed from white to black, indicating 
TiO, is able to absorb visible light. Notably, the black TiO, nanoparticles 
achieved pronounced activity and stability in photocatalytic hydrogen 
generation. The solar H, generation rate obtained was around 10 


mmol-hour !:g~!, which is about two orders of magnitude greater than the 
yields of most semiconductor photocatalysts [22]. The energy conversion 
efficiency for solar hydrogen production, defined as the ratio of the energy 


of solar produced hydrogen to the energy of incident light, reached 24% for 
surface-disordered black TiO, nanoparticles [22]. 
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FIGURE 3.1 (a) Photocatalytic hydrogen generation rate collected for 
ZnO nanorod arrays (NRA) film, hydrogen-treated ZnO (H:ZnO) NRA 
film, and H:ZnO nanorod (NR) powder in a solution containing 0.1 M 
NaSO, and 0.1 M Na,S under white light irradiation. (b) Cycling 
performance of H : ZnO NRA films. 
al. [24]. (See color insert.) 
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FIGURE 3.2 (a-b) TEM images of GaP nanowires. The inset in (a) shows 
the indexed FFT pattern of the image, indicating the wire is a single crystal 
with a growth axis of [111] direction. (c) Photograph of a large GaP 
nanowire membrane on a PVDF filter membrane. Source: Reproduced with 
permission from Sun et al. [18]. (See color insert.) 


Li and coworkers also developed hydrogen-treated metal oxides such as 
TiO, [11], ZnO [24], WO,[25], and BiVO, for PEC and photocatalytic 


applications. Figure 3.1a shows the rate of photogeneration of H, collected 


for air-annealed ZnO and hydrogen-treated ZnO nanorod arrays and ZnO 
nanorod powder [24]. Hydrogen-treated ZnO shows significantly higher 
hydrogen production rate than pristine ZnO, indicating hydrogen treatment 
is effective in enhancing ZnO photoactivity. Importantly, the hydrogen- 
treated ZnO exhibits excellent photostability in photogeneration of 
hydrogen, without obvious decay in the production rate within 24 hours 


(Fig, 3.1b). Moreover, it is noteworthy that there was no visible light 
photoactivity observed for hydrogen-treated ZnO, although the color of 
ZnO changed from white to black after hydrogen treatment [24]. The 
enhanced photocatalytic performance of ZnO for water splitting was 
attributed to the increased electrical conductivity as a result of introduction 
of oxygen vacancies, which is a shallow donor for ZnO. 


Despite the various approaches that have been demonstrated to be effective 
in improving the optical and electronic properties of metal oxides such as 
ZnO and TiO, the large bandgap of these metal oxides is still one of the 
major factors limiting their performance. Therefore, it is highly desirable to 
develop small bandgap semiconductors for photocatalytic hydrogen 
generation. 


3.2.3 Metal Oxynitrides/Metal Nitrides/Metal 
Phosphides 


Metal nitrides or metal oxynitrides such as TaN; and TaON have attracted 
increasing attention due to the relatively smaller bandgap energies 
compared with their oxide counterparts [15, 26]. It is known that the 
valence band of metal oxides is dominated by O2p orbital, and the 
conduction band edges consist predominantly of the empty orbitals of metal 
ions. The low lying O 2p orbital imposes an intrinsic limitation on the 
electronic band structure for simultaneously achieving favorable bandgap 
energy and band edge positions. In comparison with metal oxides, metal 
nitrides and metal oxynitrides have more negative valence band edge due to 
the hybridization of N 2p with O 2p orbitals [27]. For example, Ta,O; has a 
bandgap of 4.2 eV, while Ta,N. and TaON have narrower bandgap energies 
of 2.1 and 2.5 eV, respectively [28]. TaON and Ta3N-; can be prepared by 
nitridation of Ta,O; at elevated temperature in ammonia gas [28]. The UV— 
visible diffuse reflectance spectra of Ta)O; and TaON show that the 
absorption edge of TaON was around 500 nm with an estimated bandgap of 
2.5 eV, which was red shifted by about 170 nm from that of Ta O; after 
nitridation. The time course of H, evolution on TaON under irradiation of 
visible light (A > 420 nm) showed that H, production was preceded 
continuously without obvious decrease in activity [28]. 


Furthermore, metal phosphides such as GaP also have been studied for 
photocatalytic hydrogen generation. Compared with Ga,O3 (4.8 eV), GaP 


has a smaller bandgap of 2.79 eV (direct energy gap) and 2.3 eV (indirect 
energy gap), and suitable band edge positions for water reduction. Recently, 
Sun et al. reported a surfactant free, self-seeded solution—liquid—solid (SLS) 
approach for large-scale synthesis of high quality colloidal GaP nanowires 
[18]. These high quality GaP nanowires with clean surface hold great 
potentials as visible light photocatalyst for water splitting. Transmission 
electron microscopy (TEM) images proved that the as-prepared GaP 
nanowires are uniform single crystals with a length of 1—2 um and diameter 
of 30 nm (Fig, 3.2a and Fig. 3.2b). Importantly, the prepared GaP 
nanowires can be assembled into a large nanowire membrane by filtration 
(Fig, 3.2c). The capability of using GaP nanowires as photocatalyst to drive 
hydrogen evolution from water reduction under visible light illumination 
with methanol as hole scavenger was demonstrated. To improve hydrogen 
evolution, GaP nanowires were further decorated with Pt nanoparticles. As 
shown in Figure 3.2d, the hydrogen evolution rate of Pt-modified GaP (with 
a low Pt loading of 2 wt%) nanowire was an order of magnitude higher than 
that of GaP nanowire. The linear profiles suggest the hydrogen generation 
rate is constant and GaP nanowires are stable for photocatalytic hydrogen 
generation within 12 hours (Fig, 3.2d). 


Metal oxynitrides, nitrides, and phosphides have been demonstrated to be 
useful as visible light photocatalysts for hydrogen generation. However, the 
long-term stability is still a concern for these materials due to the self- 
oxidation during photocatalytic reactions. 


3.2.4 Metal Chalcogenides 


CdS and CdSe nanoparticles are two common metal chalcogenides used as 
photocatalysts for hydrogen generation [9,29]. They have suitable band 
edge positions for water splitting, and their bandgap energies are tunable via 
controlled variation of particle size. For example, Li et al. reported CdS 
cluster-modified graphene nanosheets for visible light-driven photocatalytic 
hydrogen production [30]. The layered graphene as a supporting matrix can 
efficiently suppress charge recombination by facilitating charge transfer of 
the photoexcited carriers. The CdS-graphene composite was prepared using 
a solvothermal method in which graphene oxide and cadmium acetate are 


the precursors of graphene and CdSe, respectively [30]. TEM images 
showed that the graphene sheets were decorated with many small particles 
(Fig, 3.3a), and these particles are single crystals with an average size of 
around 3 nm [30]. The CdS-graphene composite was further modified with 
Pt catalyst for hydrogen evolution. Figure 3.3c illustrates the three possible 
mechanisms of electron transfer on the composite under visible light 
irradiation: (1) to Pt nanoparticles deposited on the surface of CdS cluster; 
(2) to graphene sheet; and (3) to Pt nanoparticles located on the graphene 
sheets. Eventually, the electrons will react with the absorbed proton to form 
H> [30]. The H, production rate was noticeably increased with the loading 


of even a small amount of graphene (0.5-2.5 wt%). When 1.0 wt% of 
graphene was loaded, the H, production rate reached the optimal value of 


1.12 mmol h“+, with a quantum efficiency of 22.5% at 420 nm. The 
enhanced photoactivity of CdS-graphene composite was attributed to the 
efficient charge separation of photoexcited carriers. On the other hand, the 
overloading of black graphene led to shielding of the active sites on the 
active sites on the catalyst surface and rapidly reduced the intensity of light 
through the depth of the reaction solution and thus the photoactivity. The 
results also prove that the bare graphene sheets without CdS cluster were 
not active for photocatalytic H, production under the same measurement 


conditions [30]. This work demonstrated the potential of graphene as a 
support for CdS nanoparticles for photocatalytic hydrogen generation. 
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FIGURE 3.3 (a,b) TEM images of graphene sheet decorated with CdS 
clusters. Inset: SAED pattern collected at the composite structure. (c) 
Schematic illustration of the charge separation and transfer in the graphene- 
CdS system under visible light. (d) Comparison of the visible light 
photocatalytic activity of graphene—CdS systems with different graphene 
loading for the H, production using 10 vol% lactic acid aqueous solution as 
a sacrificial reagent and 0.5 wt% Pt as a co-catalyst. Source: Reproduced with 
permission from Li et al. [30]. (See color insert.) 


Recently, Han et al. recently reported a robust and highly active system of 
Ni catalyst-modified CdSe quantum dots for solar hydrogen generation 
[29]. The photoexcited electrons on CdSe nanocrystals are shuttled to Ni 
catalyst and reduce protons to hydrogen while the photoexcited holes are 
used to oxidize ascorbic acid [29]. The hydrogen evolution performances of 
CdSe nanocrystals with and without Ni-catalyst modification were 
measured under light illumination. The linear profiles indicate that the 
hydrogen generation rate is constant for over 360 hours, suggesting high 


stability over a long period of time. In comparison with the system without 
Ni catalyst, the Ni-modified CdSe (denoted as Ni-CdSe) nanocrystals 
exhibited more than one order of magnitude enhancement in hydrogen 
generation rate. The results suggested that the Ni catalyst facilitates the 
electron transfer for proton reduction and further boosts the photoactivity of 
CdSe. The Ni-CdSe system achieved an optimal turnover number over 
600,000 mol of H, per mole of catalyst, which is a benchmark value for 


photocatalytic H, generation among different photocatalysts such as metal 


oxides, metal nitrides, and metal chalocogenides. The quantum yield 
obtained is around 36% at the wavelength of 520 nm with ascorbic acid as 
hole sacrificial reagent. Importantly, the homogenous nickel catalyst is from 
just common inexpensive nickel salts, such as nickel nitrate, nickel 
chloride, and nickel acetate [29]. 


3.2.5 Conclusion 


Meal oxides, oxynitrides, and chalcogenides have been extensively 
explored for photocatalytic hydrogen generation. The recent breakthroughs 
in developing catalyst-modified nanostructured photocatalysts suggested 
the feasibility of large-scale production of solar hydrogen. Nevertheless, 
there are still several outstanding questions that need to be addressed. For 
instance, although these photocatalysts have suitable electronic band 
structure for water splitting, most of these photocatalytic systems require 
the addition of sacrificial reagents, due to large overpotential for water 
oxidation and their instability in oxidative environment. Moreover, 
spontaneous water reduction requires the conduction band of photocatalyst 
more negative than water reduction potential. Semiconductors such as a- 
FeO, has a favorable bandgap for visible light absorption but relatively 


positive conduction potential that limits its application as photocatalyst for 
hydrogen generation. Alternatively, these semiconductors can be used as 
electrode materials for PEC hydrogen generation, by applying an external 
bias, as discussed in the next section. 


3.3 Photoelectrochemical Methods 


3.3.1 Background 


Solar-driven photoelectrochemical (PEC) water splitting represents a 
sustainable and environmentally friendly method to produce hydrogen. A 
PEC cell consists of at least one semiconductor photoelectrode, which can 
harvest solar light [31]. n- and p-type semiconductors are preferred for the 
photoanode and photocathode, respectively. Under light irradiation with 
photon energy equal to or exceeding the bandgap energy of the 
semiconductor photoelectrode, the electrons are excited from the valence 
band to the unoccupied conduction band. The band bending at the 
semiconductor—electrolyte interface or an applied bias will facilitate the 
separation of photogenerated electrons and holes. The electrons will 
transfer to the cathode—electrolyte interface to reduce protons to generate 
hydrogen (2H* + 2e7 > H,), while the holes will oxidize water molecules 


to produce oxygen (H,O + 2h* > 2H* + % O,) at the anode—electrolyte 


interface. Depending on the band edge positions of electrode materials, 
additional external potential may be required to achieve water splitting. 


The development of high performance photoelectrodes (anode and cathode) 
represents a major challenge for PEC water splitting. A good 
photoelectrode should have favorable bandgap for efficient visible light 
absorption and band edge positions that straddle the redox potentials of 
water electrolysis. Moreover, it must be highly resistant to photocorrosion, 
electrochemically stable in aqueous solution in reductive (cathode) and 
oxidative (anode) environment, and have good electrical conductivity. And 
finally it must be inexpensive. In the meantime, for PEC devices with 
semiconductor anode and cathode, it is also critical that the photocurrent of 
anode and cathode are matched and the device can be operated at zero 
external bias as shown in Figure 3.4 [31]. 


ohmic contact 


FIGURE 3.4 Schematic energy diagram of PEC water splitting with (a) 
photoanode, (b) photocathode, and (c) n-type photoanode and p-type 
photocathode. Source: Reproduced with permission from Liu et al. [31]. (See color insert.) 


3.3.2 Photocathode for Water Reduction 


Cuprous oxide, Cu,O, is an attractive p-type metal oxide for PEC hydrogen 
production with a direct bandgap of 2 eV, for which a theoretical 
photocurrent density of 14.7 mA cm~? and a solar to hydrogen conversion 
efficiency of 18% are predicted [32]. CuO also possesses favorable energy 


band positions, with the conduction band lying 0.7 V negative of the 
hydrogen evolution potential and the valence band lying just positive of the 
oxygen evolution potential. However, the redox potentials for the reduction 
and oxidation of Cu,O lie within its bandgap, resulting in its poor 


electrochemical stability. Cu(1) is more prone to be reduced to Cu metal, 
rather than reducing water. Recently, the photo-instability of Cu,O in water 


was addressed by deposition of a protective layer on the electrode surface 
by atomic layer deposition (ALD) method (Fig, 3.5a) [32]. The protective 
oxide layer forms a staggered type II band offset with Cu,O, so 
photogenerated electrons can flow from the Cu,O conduction band through 
the protective layer to the electrolyte for water reduction. Additionally, the 
n-type oxide layer should have a conduction band negative to the hydrogen 
evolution potential, without reductive degradation reaction at the potentials 
within the bandgap. Moreover, the oxide should have low overpotential for 


water reduction. The Cu,O films used for this study were synthesized by 
electrodeposition method, with a thickness of 1.3 um [32]. Individual Cu,O 


grains of the film were about 1 um in size with a cubic morphology, and 
had a predominant (111) orientation (Fig. 3.5b). Various metal oxide 
coatings were tested and Cu,O can be stabilized by coating with 5 x (4 nm 


ZnO/0.17 nm Al,O3)/11 nm TiO, and Pt nanoparticles (Fig. 3.5a). Under 
AM 1.5 illumination, the as-deposited bare Cu,O produced a photocurrent 
of -2.4 mA cm“ at 0.25 V versus the reversible hydrogen electrode (RHE) 
in a nitrogen purged 1 M Na,SO, electrolyte buffered at a pH of 4.9 (Eig. 


3.5c). However, the cathodic current quickly decreased to zero, indicating 
that bare Cu,O is not stable for PEC water reduction (Fig. 3.5c, inset). On 


the contrary, the surface-protected Cu,O with 5 x (4 nm ZnO/0.17 nm 
Al,03)/11 nm TiO,/Pt shows substantially enhanced photoactivity and 
photostability for water reduction (Fig, 3.5d). A photocurrent of 7 mA cm~? 
was obtained at 0.25 V versus RHE for the protected Cu,O electrode. 


Importantly, 78% of photocurrent retention was achieved on the protected 
Cu,O after 20-min illumination (Fig. 3.5d, inset). The Faradaic efficiency 


of H, generation is close to 100%, indicating the photocurrent decay was 
not due to the degradation of the photoactive materials. The decay was 
attributed to the presence of Ti** traps in the TiO, layer. Since the Fermi 
level of TiO, in the dark is close to the water reduction potential, the 
electrons were not readily injected into the electrolyte and accumulated in 


the protective layer as long-lived Ti** states. This study demonstrated an 
effective strategy to stabilize Cu,O by coating protective metal oxide 


layers. 
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FIGURE 3.5 (a) Schematic presentation of the electrode structure. (b) 
Scanning electron micrograph showing a top view of the electrode after 
ALD of 5 x (4 nm ZnO/0.17 nm Al,O3)/11 nm TiO, followed by 
electrodeposition of Pt nanoparticles. (c) Current-potential characteristics in 
1 M NaSO; solution under chopped AM 1.5 light illumination for the bare 
Cu,O electrode, (d) for the as-deposited 5 x (4 nm ZnO/0.17 nm 

Al,03)/11 nm TiO}. The insets show respective photocurrent transient for 
the electrodes held at 0 V versus RHE in chopped light illumination with N, 


purging. Source: Reproduced with permission from Paracchino et al. [32]. (See color 
insert.) 


Silicon is the second most abundant element in earth's crust, and has been 
extensively used in electronic and photovoltaic devices. 
Photoelectrochemical H, generation at Si/electrolyte interfaces has also 
been studied for decades [33-35]. The large surface overpotential for 
hydrogen evolution is the major limitation for silicon-based photocathode. 
Enormous research efforts have been placed to modify the silicon surface 
with electrocatalysts such as Pt to suppress the overpotential [36]. In order 


to improve the photoactivity of silicon for water reduction, Oh et al. 
reported to use p-type silicon nanowire array photocathode fabricated via 
metal-catalyzed electroless etching (Fig, 3.6a). The silicon nanowire arrays 
were further impregnated with Pt nanoparticles (Fig. 3.6b). The nanowire- 
arrayed electrode significantly increased the semiconductor/electrolyte 
interfacial area, which can improve the kinetics of H, generation. In 


addition, the silicon nanowire arrays could function as an antireflective or 
light trapping layer to minimize reflection of incident light, and therefore 
enhancing the light absorption. As shown in Figure 3.6c, the onset potential 
on the silicon nanowire photocathode was 0.2 V more positive than that of 
planar Si, confirming the large surface area could suppress the surface over- 
potential of hydrogen generation. In the presence of Pt electrocatalyst, 
photocurrent onset potential was further positively shifted to 0.4 V, which is 
the lowest onset potential ever reported for p-type silicon photocathode 
[36]. 
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FIGURE 3.6 (a) SEM image of silicon nanowire arrays fabricated by 
metal-catalyzed chemical etching; inset is the photograph of 

~10 mm x 10 mm silicon nanowire array sample with low reflection. (b) 
Schematic of silicon nanowire arrayed photoelectrode. Photon absorbed by 
silicon nanowire generates minority carrier, which drifts to 
semiconductor/electrolyte interface where H* is reduced to H}. Silicon 
nanowires are impregnated with Pt nanoparticles that serve as 
electrocatalysts for water reduction. (c) PEC performance of bare silicon 
nanowire and planar silicon film. (d) PEC performance of Pt modified 
planar silicon and nanowire silicon. Source: Reproduced with permission from Oh et 
al. [36]. (See color insert.) 


To date, the report of p-type semiconductor photoelectrodes for water 
splitting is still rare, compared with n-type semiconductors. In addition to 
Cu,O and silicon discussed earlier, there are several other p-type materials 


reported for water splitting, including GaP [37], GalnP, [38], and InP [39] 


Electrochemical stability and surface kinetics are still the two major issues 
for these semiconductor electrodes. The deposition of protective layer and 
electrochemical catalysts are two of the best strategies to address these 


limitations. On the other hand, in order to achieve nonbiased PEC device 
for water splitting, it is equally important to develop high performance 
photoanode with photocurrent matching with the photocathode. 


3.3.3 Photoanode for Water Oxidation 


Various n-type semiconductors, such as silicon [40], metal oxides [11, 13, 
25], and metal nitrides [15, 26], have been explored for use as photoanodes. 
Among them, metal oxides are of special interest due to their simple 
synthetic process, excellent chemical stability during water oxidation, and 
suitable band edge positions [4]. These metal oxides can be divided into 
binary metal oxides, such as TiO», ZnO, FeO, and WO}, and ternary 


metal oxides, such as BiVO,, SrTiO}, and CuWOQ,. In this section, we will 
review the recent studies of metal oxide photoanodes for PEC water 
oxidation. 

TiO, and a-Fe,O3 are binary metal oxides commonly used for PEC water 
oxidation. TiO, has suitable band edge positions for water splitting; 


however, its large bandgap energy of 3.0-3.2 eV limits visible light 
absorption [11, 13]. In contrast, a-Fe,O3 has a favorable bandgap of 2.1- 


2.2 eV with substantial visible light absorption, but its conduction band is 
more positive to the hydrogen evolution potential. Additionally, a-Fe,O3 


has poor electrical conductivity and short carrier diffusion length, which 
leads to significant charge recombination loss [41, 42]. 


Recently, Wang et al. have developed a general strategy to incorporate 
oxygen vacancies into metal oxides, such as TiO», ZnO, and WO; via 


hydrogen treatment at elevated temperatures. Oxygen vacancies serve as 

shallow donors that can improve the electrical conductivity of metal oxides 
[11, 25]. Notably, hydrogen-treated samples showed substantially increased 
photocurrent density, compared with pristine TiO, (Fig. 3.7a). A maximum 


photocurrent density of around 2.5 mA cm was obtained for the 
hydrogen-treated TiO, at 0 V versus Ag/AgCl in 1.0 M NaOH aqueous 
solution [11]. Incident photon-to-current efficiency (IPCE) analysis 
suggested that the enhanced photocurrent was due to improved 
photoactivity of TiO, in the UV region (Eig. 3.7b). The increased IPCE 


values were attributed to enhanced charge collection efficiency as expected 


for hydrogen-treated TiO, that has improved electrical conductivity. By 


integrating the IPCE spectra with standard AM 1.5G spectrum, a simulated 
maximum solar to hydrogen conversion efficiency of 1.1% was obtained for 
hydrogen-treated TiO, (Fig. 3.7c). Electrochemical impendence studies 
proved that the donor density of TiO, was substantially increased after 
hydrogen treatment (Fig. 3.7d). More importantly, hydrogenation has been 
demonstrated to be a general strategy for increasing donor density of metal 
oxides. Likewise, enhanced donor density and improved photocurrent 
density have been observed in other metal oxides, including WO; and ZnO 
[24,25]. 
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FIGURE 3.7 (a) Linear sweep voltammograms collected on pristine TiO, 
nanowire and hydrogen-treated TiO, (H:TiO,) nanowires annealed at 
temperature of 350, 400, and 450°C. (b) IPCE spectra of pristine TiO, and 
H:TiO, nanowires. The inset is the magnified IPCE spectra that highlighted 


in the dashed box. (c) Simulated solar-to-hydrogen efficiencies for the 
pristine TiO, and H : TiO, samples as a function of wavelength, by 
integrating their IPCE spectra collected at -0.6 V versus Ag/AgCl with a 
standard AM 1.5G solar spectrum. (d) Mott—Schottky plots collected at a 
frequency of 5 kHz in the dark for pristine TiO, and H:TiO, nanowire. 


Source: Reproduced with permission from Wang et al. [11]. (See color insert.) 


Visible light absorption of wide bandgap metal oxides can be enhanced by 
chemical doping using elements such as nitrogen and carbon [8, 21, 43]. 
For example, Park et al. reported carbon-doped, vertically aligned TiO, 
nanotube arrays for PEC water splitting by annealing TiO, nanotube in the 
mixed gas of CO and CO, [43]. The carbon-doped TiO, showed 
substantially increased photocurrent density under visible light illumination 
(>420 nm) than pristine TiO, nanotubes. Similarly, Hoang et al. reported 


nitrogen-doped TiO, nanowire arrays for PEC water splitting under visible 


light [8]. A substantial amount of nitrogen (up to 1.08 atomic %) can be 
incorporated into the TiO, lattice via nitridation in ammonia gas flow at a 


relative low temperature. After nitrogen doping, the white-colored pristine 
TiO, became yellow. The absorption spectrum confirmed visible light 


absorption of TiO. IPCE analysis shows that nitrogen-doped TiO, exhibits 
visible light photoactivity up to 500 nm. Hoang et al. also combined 
hydrogen treatment and nitrogen doping of TiO, nanowire arrays and found 
a synergistic effect between oxygen vacancies and nitrogen dopant in the 
PEC performance [21]. The hydrogen-treated and nitrogen-doped TiO, 
showed the best performance with visible light photoactivity, compared 
with TiO, samples treated with hydrogen and nitrogen alone. 
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FIGURE 3.8 (a) Overlay of Fe 2p XPS spectra of air annealed hematite 
(denoted as: A-hematite) and oxygen-deficient hematite (denoted as: N- 
hematite), together with their different spectrums. The dashed lines 
highlight the satellite peaks of Fe** and Fe**. (b) Mott-Schottky plots 
measured for A-hematite and N-hematite. Inset: magnified Mott-schottky 
plot of N-hematite. (c) Linear sweep voltammograms collected on A- 
hematite and N-hematite under a simulated solar light of 100 mW cm? and 
dark condition with a scan rate of 10 mV s |. (d) The corresponding IPCE 
spectra for A-hematite and N-hematite collected at potentials of 1.23 and 
1.5 V versus RHE. Source: Reproduced with permission from Ling et al. [46]. (See 
color insert.) 


As mentioned earlier, hematite (a-Fe,03) exhibits poor PEC performance 


for water splitting, due to its poor electrical conductivity and short charge 
diffusion length. Element doping using elements such as Si [44], Ti [41], 
and Sn [45] have been explored to increase the donor density and electrical 
conductivity of hematite. Recently, Ling et al. found that hematite can be 
activated via the incorporation of oxygen vacancies, which function as 


shallow donors in hematite [46]. The formation of oxygen vacancy was 
achieved by annealing B-FeOOH nanowire arrays in an oxygen-deficient 
condition (mixture of nitrogen and air), whereas Fe?* can be reduced to 
Fe?*, X-ray photoelectron spectroscopy (XPS) Fe2p confirmed the 
existence of Fe** in the hematite after the treatment (Fig. 3.8a). 
Electrochemical impedance studies supported the electrical conductivity 
and donor density being significantly enhanced, which was attributed to the 
incorporation of oxygen vacancies (Fig, 3.8b). As a result, the photocurrent 
density of hematite was increased by orders of magnitude to more than 

3 mA cm “at 1.4 V versus NHE. The substantial enhancement was 
believed to be due to the improved charge transport in the hematite. 
Moreover, IPCE studies also showed enhanced photoactivity in the entire 
wavelength region that is consistent with the bandgap of hematite. 


Previous studies have primarily focused on binary metal oxides for PEC 
water splitting. However, one of the fundamental constrains of these binary 
metal oxides is that their valence bands are typically composed of O2p 
character, which lie far more positive than the water oxidation potential. As 
a result, some energy will be wasted during water oxidation and limit the 
solar conversion efficiency. Recently, ternary metal oxides have attracted 
renew attentions on PEC water splitting, as their electronic bands are 
formed by atomic orbitals from more than one element and the modulation 
of the stoichiometric ratio of the elements could be used to fine-tune the 
potentials of valence and conduction bands as well as the bandgap energy. 
Therefore, ternary metal oxides show promise for developing high efficient 
photoelectrode for water splitting with suitable bandgap and band edge 
positions. 


As an example, BiVO, is a direct bandgap ternary metal oxide 


semiconductor with a favorable bandgap of 2.3—2.5 eV for solar light 
absorption. Furthermore, its conduction band is close to OV versus RHE at 
pH = 0, as a result of the hybridization of empty Bi 6p orbitals with 
antibonding V 3d-O 2p states, which reduce the need for external bias for 
PEC water splitting. However, charge transport and interfacial charge 
transfer have been found to be key limiting factors for its PEC performance. 
A number of methods have been explored to address these limitations. 
Element doping with Mo and W has been found to be effective in 
increasing the PEC performance of BiVO,, as M and W introduce shallow 


donors that improve the separation and transport of photoexcited carriers. In 
addition, porous electrode was fabricated to provide a large surface area and 
shorten the diffusion distance for minority carriers. For instance, Pilli et al. 
reported cobalt phosphate (Co—Pi)-modified, Mo-doped BiVO, 


photoelectrode for solar water oxidation [47]. Mo-doped BiVO, was 


prepared using a surfactant assisted metal organic decomposition technique 
at 500°C. The Mo-doped BiVO, film exhibited absorption in the visible 


region up to 520 nm. The bandgap was estimated to be around 2.4 eV. Co— 
Pi catalyst was deposited on the surface of Mo-BiVO, by electrochemical 


deposition method. The role of Co—Pi catalyst is used to reduce the 
overpotential of BiVO, for water oxidation. Importantly, the photocurrent 


density of Mo-doped BiVO, electrode was enhanced compared with that of 
the BiVO, electrode. The photocurrent of porous BiVO, is higher than 
nonporous BiVO,. Moreover, significantly enhanced photocurrents were 


observed for the Co—Pi catalyzed electrodes in the entire potential range, 
compared with unmodified electrodes. The Co—Pi electrodeposited 
electrode also exhibited around 150 mV cathodic shift from the onset 
potential for PEC water oxidation, as compared with unmodified BiVO,. 


Although BiVO, has favorable bandgap, its relatively poor charge transport 


properties causes a significant electron—hole recombination loss. Recently, 
Hong et al. reported heterojunction BiVO,/WOs electrodes that shown 


enhanced photoactivity for water oxidation [48]. BiVO, and WO, form a 


type II junction at the interface, and photogenerated electrons from the 
conduction band of BiVO, are thermodynamically favorable for 


transferring into the WO; layer. Meanwhile, the photoexcited holes in WO3 
are also favorable for transferring to BiVO, for water oxidation. The 


formation of heterojunction facilitates charge separation and thus 
suppresses the electron—hole recombination. The heterojunciton electrodes 
were fabricated by layer-by-layer deposition of WO, and BiVO, ona 


conducting glass. The PEC studies showed that the photocurrent onsets of 
WO, and BiVO,/WOs were 0.25 and 0.05 V versus Ag/AgCl, indicating 


the flat-band potential negatively shifted with BiVO, coating. The 
BiVO,/WO,composite electrodes also show improved photocurrent 


densities compared to pristine WO3. The results supported the notation that 
heterojunctions could improve the PEC water oxidation of BiVO,. 


Other ternary metal oxides, such as CuWO, (2.25 eV), InVO, (2.0 eV), and 
FeVO, (2.7 eV), have also been synthesized and studied as photocatalysts 


for water oxidation and pollutant degradation. Studies reported to date have 
shown that ternary metal oxides hold promise as high performance 
photoelectrode for solar water splitting. 


3.3.4 Conclusion 


With control over size, morphology, and element doping of semiconductors, 
their performance for PEC hydrogen generation have been significantly 
improved. While significant progress has been made, several challenging 
issues still remain to be addressed for solar hydrogen generation. For 
example, while element doping has been proved to be effective in 
enhancing the PEC performance of metal oxides, the long-term stability of 
element-doped metal oxides is a concern for practical applications. Also, 
there is still not a single photoelectrode that can achieve highly efficient 
water splitting under nonbiased condition. Although 12 % solar-to- 
hydrogen conversion efficiency has been achieved in hybrid devices that 
integrated PEC cell with solar cell, the cost and the electrochemical 
instability of the devices are limitations for large scale production. To date, 
the solar to hydrogen conversion efficiency of PEC systems are still low, 
especially compared with the conversion efficiency that can be achieved in 
a solar cell-powered electrolysis process. It is highly desirable and 
challenging to develop new low cost and high performance photoelectrodes 
for solar hydrogen generation. 


3.4 Summary 


A number of semiconductor materials have been tested for photocatalytic 
and photoelectrochemical hydrogen generation and have made significant 
progress in enhancing the solar conversion efficiency. There are outstanding 
challenges that need to be addressed. For example, most of the 
photocatalytic systems require the addition of hole sacrificial reagents such 
as methanol or sulfide ions, which is a major drawback for photocatalytic 


hydrogen generation. Development of high efficiency hydrogen and oxygen 
evolution reaction catalysts is high desirable. For PEC water splitting, there 
is still not a single photoelectrode can achieve highly efficient water 
splitting under non-biased condition. Nonbiased PEC water splitting can be 
achieved by coupling semiconductor photoanode and photocathode. The 
charge balance between these two electrodes is a major challenge. The 
combination of theoretical calculation and experimental efforts to design 
and develop better photocatalytic and photoelectrochemical materials is 
fundamentally important for solar hydrogen generation. 
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4 
Biohydrogen Generation and Other Methods 


4.1 Basics about Biohydrogen 


An alternative for hydrogen generation is through biological processes, so- 
called biohydrogen generation. Biohydrogen produced from biorenewables 
is a promising alternative for a sustainable energy source. Biohydrogen is a 
renewable biofuel produced from biorenewable feedstocks by chemical, 
thermochemical, biological, biochemical, and biophotolytical methods [1]. 
Biohydrogen is particularly attractive for rural areas of the world since it 
can potentially be carried out at low cost and with more primitive 
techniques. In addition, there are several reasons for biohydrogen to be 
considered as a relevant technology by both industrialized and developing 
countries. First, it is less energy-intensive compared with other processes 
for hydrogen generation, such as steam reforming of natural gas, coal 
gasification, or electrolysis of water. Second, less undesired by-products, 
such as COs, are produced in the process compared with some of the other 


techniques. This is because using biomass instead of fossil fuels to produce 
hydrogen reduces the net amount of CO, released to the atmosphere, as the 


CO, released when the biomass is gasified was previously absorbed from 
the atmosphere and fixed by photosynthesis in the growing plants [2]. 


Currently, there are two major approaches for using biological organisms 
for hydrogen production. The first is direct production through 
“photobiohydrogen” with microorganisms capable of using solar photons to 
separate oxygen from water. The second is production using 
biotechnologies-based microorganisms that produce hydrogen naturally. 


However, obtaining hydrogen from biomass has major challenges in 
practice. Currently, there are no completed technology platforms for large- 
scale biohydrogen generation even though small or laboratory scale 
demonstrations have been done. The yield of hydrogen is low from biomass 
since the hydrogen content in biomass is low to begin with (approximately 
6% versus 25% for methane) and the energy content is low due to the 40% 


oxygen content of biomass. Due to the potential advantages mentioned 
earlier, substantial research efforts have been made to explore the potential 
of biohydrogen generation. 


4.2 Pathways of Biohydrogen Production 
from Biomass 


The methods available for hydrogen production from biomass can be 
divided into two main categories: thermochemical and biological routes. 
The major biomass-to-hydrogen pathways are shown in Figure 4.1 [3]. 
Hydrogen can be produced from biorenewable feedstock via thermo 
chemical conversion processes such as pyrolysis, gasification, steam 
gasification, steam reforming of bio-oils, and supercritical-water 
gasification. Biological production of hydrogen can be classified into the 
following groups: (i) biophotolysis of water using green algae and blue- 
green algae (cyanobacteria), (ii) photofermentation, (iii) dark fermentation, 
and (iv) hybrid reactor system. 
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FIGURE 4.1 Pathways from biomass-to-hydrogen. Source: Reproduced with 


permission from Milne [3]. 


The advantage of the thermochemical process is that its overall efficiency 
(thermal to hydrogen) is higher (7~52%) and production cost is lower [4]. 
The yield of hydrogen that can be produced from biomass is relatively low, 
16-18% based on dry biomass weight [5]. Hydrogen yields and energy 
contents, compared with biomass energy contents obtained from processes 
with biomass, are shown in Table 4.1 [6]. In the pyrolysis and gasification 
processes, water gas shift is used to convert the reformed gas into hydrogen, 
and pressure swing adsorption is used to purify the product. Compared with 
other biomass thermo chemical gasification such as air gasification or steam 
gasification, the supercritical water gasification can directly deal with the 
wet biomass without drying, and has high gasification efficiency in lower 
temperature [7]. The major disadvantage of these processes is that the 
decomposition of the biomass feedstock leads to char and tar formation [8]. 
In order to optimize the process for hydrogen production, efforts have been 
made by researchers to test hydrogen production from biomass 
gasification/pyrolysis with various biomass types and under different 
operating conditions. An example of oil palm shell compared with physic 
nut waste is listed in Table 4.2 [9]. 


Processes Hydrogen Hydrogen Energy 
Yield Contents/Biomass Energy 
(wt%) Content 

Pyrolysis + catalytic 12.6 91 

reforming 

Gasification + shift reaction 11.5 83 

Biomass + steam + except 17.1 124 


heat (theoretical maximum) 


Source: Reproduced with permission from Wang et al. [6]. 


TABLE 4.1 Comparison of Hydrogen Yields Are Obtained by Use of 
Three Different Processes 


Type Biomass/Temperature Gas Production (vol%) 


Oil palm shell 
773 K 3.56 
973 K 12.58 
1173 K 33.49 
Physic nut 
773 K 8.22 
973 K 9.29 
1173 K 11.63 


Source: Reproduced with permission from Sricharoenchaikul et al. [9]. 


TABLE 4.2 Hydrogen Production from Conversion of Oil Palm Shell and 
Physic Nut Waste 


Biological hydrogen production processes are found to be more 
environmentally friendly and less energy demanding compared with 
thermochemical and electrochemical processes [10]. Researchers have 
started to investigate hydrogen production with anaerobic bacteria since 
1980s [11]. Biological production of hydrogen (biohydrogen) as a 
byproduct of microorganism metabolism is an exciting new area of 
technology development that offers the potential production of usable 
hydrogen from a variety of renewable sources [12]. There are three types of 
microorganisms of biohydrogen generation: cyano-bacteria, anaerobic 
bacteria, and fermentative bacteria. A promising method is the biological 
production of hydrogen by fermentation. The production of hydrogen from 
biomass by fermentation is one of the routes that can contribute to a future 
sustainable hydrogen economy. The amount of hydrogen produced from 
glucose is affected by fermentation pathways and liquid end products [13]. 
Butyric acid and acetic acid constitute more than 80% of total end products 
[14]. Theoretically, 4 mol of H, can be produced from 1 mol of glucose in 
acetate-type fermentation, however only 2 mol of H, are produced when 
butyrate is the main fermentation product. To date, many studies have been 
done on fermentative hydrogen production from pure sugars and from 
feedstock, such as byproducts from the agricultural and food industry, 
municipal waste, or wastewaters [15]. Anaerobic digestion of solid organic 


waste, including municipal and agricultural wastes and wastewater sludge, 
is one such renewable source for H, production. However, continual H, 


production using this process has limitations, one of which is the low yields 
of hydrogen currently produced from the fermentation of even the simplest 
sugars [16]. A combination of dark and photofermentation in a two-stage 
hybrid system has been found to improve the overall yield of hydrogen 
[17]. Anaerobic bacteria decompose glucose or starch via acetate 
fermentative metabolism as the first step, and photosynthetic bacteria 
convert the resultant acetate to hydrogen in another reactor as the second 
stage. The hydrogen yield is increased by twofolds in comparison to that 
using only dark fermentation [18]. 


4.3 Thermochemical Conversion of 
Biomass to Hydrogen 


4.3.1 Hydrogen from Biomass via Pyrolysis 


Pyrolysis of biomass is a promising route for the production of solid (char), 
liquid (tar and other organics), and gaseous products as possible alternative 
sources of energy. The most interesting temperature range for the 
production of the pyrolysis products is between 625 and 775 K [19, 20]. 
Depending on the operating conditions, the pyrolysis process can be divided 
into three subclasses: conventional (slow) pyrolysis, fast pyrolysis, and 
flash pyrolysis. Slow pyrolysis of biomass is associated with high charcoal 
continent, but the fast pyrolysis is associated with tar at low temperature 
(675-775 K) and/or gas at high temperature [21]. At present, the preferred 
technology is fast or flash pyrolysis at high temperatures with very short 
residence time. Table 4.3 indicates the product distribution obtained from 
different processes of pyrolysis process [22]. Although most pyrolysis 
processes are designed for biofuel production, hydrogen can be produced 
directly through fast or flash pyrolysis if high temperature and sufficient 
volatile phase residence time are allowed as follows [23]: 


(4.1) Biomass + Heat — H; + CO +CH, + Other products. 


Product Yield (%) 


Thermal Residence Upper 
Degradation Time (s) Temperature (K) Char Liquid Gas 
Slow pyrolysis 200 600 32-38 28-32 25-29 
120 700 29-33 30-35 32-36 
90 750 26-32 27-34 33-37 
60 850 24-30 26-32 35-43 
30 950 22-28 23-29 40-48 
Fast pyrolysis 5 700 22-27 53-59 12-16 
4 750 17-23 58-64 13-18 
3 800 14-19 65-72 14-20 
2 850 11-17 68-76 15-21 
1 950 9-13 64-71 17-24 
Gasification 1500 1250 8-12 4-7 81-88 


Source: Reproduced with permission from Balat [22]. 


TABLE 4.3 Product Distribution Obtained from Different Processes of 
Pyrolysis Process 


Methane and other hydrocarbon vapors can be converted into hydrogen and 
carbon monoxide (CO) by steam reforming: 


(4.2) CH, + H,O —F CO + 3H. 


A water-—gas shift reaction can be applied in order to increase the hydrogen 
production: 


(4,3) CO+H:0— CO, +H.. 


Pyrolysis of biomass is a complex function of the experimental conditions, 
under which the pyrolysis process proceeds. The important factors, which 
affect the yield and composition of the volatile fraction liberated, are 
biomass species, chemical and structural composition of biomass, particle 
size, temperature, heating rate, residence time, atmosphere, pressure and 
reactor configuration [24]. Yield of products resulting from biomass 
pyrolysis include charcoal, from a low temperature and low heating rate 
process, liquid products, from a low temperature, high heating rate, and 
short gas residence time process, and fuel gas, from a high temperature, low 
heating rate, and long gas residence time process. 


The yields of hydrogen-rich gases via pyrolysis were related to the 
temperature. Increasing the pyrolysis temperature resulted in an increase in 
the hydrogen yield as a percentage of the total gases evolved [25]. The 
percentage of hydrogen in gaseous products by pyrolysis from the samples 


of hazelnut shell, tea waste, and spruce wood increased from 36.8% to 
43.5%, 41.0% to 53.9%, and 40.0% to 51.5% by volume, respectively, 
when the final pyrolysis temperature was increased from 700 to 950 K. One 
of the methods to increase the hydrogen yield is to apply catalytic pyrolysis. 
Three types of biomass feedstock, olive husk, cotton cocoon shell and tea 
waste were pyrolyzed at about 775—1025 K in the presence of ZnCl, and 
catalyst-to-biomass ratios of 6.5—-17 by weight [26]. The highest yield of 
hydrogen-rich gas (70.3%) was achieved from olive husk using about 13% 
ZnCl, at about 1025 K. The K CO, and Na,COs3 as catalysts also affected 
on yield of gaseous products from various biomass species with pyrolysis. 
The effect of KCO; and Na CO; on pyrolysis depends on the biomass 
species. The catalytic effect of Na,CO3 was greater than that of K,CO3 for 
the cotton cocoon shell and tea factory waste, but the catalytic effect of 
KCO, was greater for the olive husk [26]. The yields of hydrogen-rich gas 
from pyrolysis of agricultural residues in the presence of Na,CO3 were 
different at different temperatures. Results shown in Figure 4.2 indicate that 
the highest yield of hydrogen-rich gas was obtained from the walnut shell 
sample [27]. Among the different metal oxides, Al,O3 and CrO; exhibit 
better catalytic effect than the others [23]. The use of noble metals (Rh, Ru, 
and Pt) in large-scale industrial steam reforming is not common because of 
their relative high cost [28]. 
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FIGURE 4.2 Plots for yields of hydrogen-rich gas from pyrolysis of 
agricultural residues versus temperature in the presence of 30% Na CO3. 


Source: Reproduced with permission from Demirbas [27]. 


Hydrogen can also be produced by catalytic steam reforming of bio-oil or 
its fractions [29, 30]. Hydrogen production from bio-oil provides a new 
route for the utilization of bio-oil. Hydrogen production from renewable 
bio-oil is an attractive idea for fuel, energy, and agricultural applications. In 
recent years, hydrogen production via steam reforming of bio-oil has 
attracted more and more attention. But because of the complicated 
composition of bio-oil and carbon deposition on catalyst surface in the 
reaction process, currently, studies have mainly focused on steam reforming 
of model compounds in bio-oil and reforming catalysts [31]. The bio-oil 
can be stored and shipped to a centralized facility where it is converted to 
hydrogen via catalytic steam reforming and shift conversion [32]. Catalytic 
steam reforming of bio-oil at 1025-1125 K over a Ni-based catalyst is a 
two-step process that includes the shift reaction [33]: 


(4.4) Bio-oil + H,O — CO +H, 


(4.5) CO+H,0— CO, +H.. 


The overall stoichiometry gives a maximum yield of 0.172 g H»'g`t bio-oil 
(11.2% based on wood) [33]. 


~ i 4 y.CC oe) 
(4.6) CH, Oo: + 1.26 H,O — CO, + 2.21 H.. 


In reality, this yield will always be lower because both the steam reforming 
and water—gas shift reactions are reversible, resulting in the presence of 
some CO and CH, in the product gas. In addition, thermal cracking that 


occurs parallel to reforming produces carbonaceous deposits [34]. 


4.3.2 Hydrogen from Biomass via Gasification 


Gasification of biomass has been identified as a possible system for 
producing renewable hydrogen, which is beneficial to exploiting biomass 
resources and developing a highly efficient clean way for large-scale 
hydrogen production, with less dependence on insecure fossil energy 
sources [35]. In general, the gasification temperature is higher than that of 
pyrolysis and the yield of hydrogen from the gasification is higher than that 
of the pyrolysis. 


Biomass gasification can be considered as a form of pyrolysis, which takes 
place at higher temperatures and produces a mixture of gases with H, 


content ranging 6—6.5% [36]. The synthetic gas produced by the 
gasification of biomass is made up of H», CO, CHy, N», COs, and O5; and 
tar is also formed that is often removed with a physical dust removal 
method [37]. The product distribution and gas composition depend on many 
factors, including the gasification temperature and the reactor type. The 
most important gasifier types are fixed bed (updraft or downdraft fixed 
beds), fluidized bed, and entrained flow gasifiers. All these gasifiers need to 
include significant gas conditioning along with the removal of tar and 
inorganic impurities and the subsequent conversion of CO to H, by water 


gas shift reaction, as discussed in the pyrolysis section. ‘Table 4.4 shows 
typical gas composition data as obtained from commercial wood and 
charcoal downdraft gasifiers operated on low to medium moisture content 
fuels [38]. 


Component H, (%) CO, (%) CH, (%) CO(%) N,(%) Heating Value (MJ-m-*) 


Wood gas 12-20 9-15 2-3 17-22 50-54 5-5.9 
Charcoal gas 4-10 1-3 0-2 28-32 55-65 4.5-5.6 


Source: Reproduced with permission from Stassen and Knoef [38]. 


TABLE 4.4 Typical Gas Composition Data as Obtained from Commercial 
Wood and Charcoal Downdraft Gasifiers Operated on Low to Medium 
Moisture Content Fuels (Wood 20%, Charcoal 7%) 


Gasification technologies provide the opportunity to convert renewable 
biomass feedstocks into clean fuel gases or synthesis gases. The synthesis 
gas includes mainly hydrogen and carbon monoxide (H, + CO), which is 
also called bio-syngas [39, 40]. Table 4-5 shows the composition of bio- 
syngas from biomass gasification [36]. Hydrogen production is the largest 
use of syngas. Biomass can be converted to bio-syngas by non-catalytic, 
catalytic, and steam gasification processes. 


Constituents % by Volume (Dry and Nitrogen 

Free) 
Carbon monoxide (CO) 28—36 
Hydrogen (H,) 22—32 
Carbon dioxide (CO,) 21-30 
Methane (CH3) 8-11 
Ethene (C2H3) 2—4 
Benzene—toluene—xylene (BTX) 0.84—0.96 
Ethane (C,H) 0.16—0.22 
Tar 0.15—-0.24 
Others (NH3,H»S, HCI, dust, ash, <0.021 
etc.) 


Reproduced with permission from Demirbras [36]. 
TABLE 4.5 Composition of Bio-Syngas from Biomass Gasification 


Steam gasification is a promising technology for thermochemical hydrogen 
production from biomass. Hydrogen is produced from the steam 


gasification of legume straw and pine sawdust [41], hazelnut shell [42], 
paper, yellow pine woodchips [43], mosses, algae [19], wood sawdust [44], 
wheat straw [45], and waste wood [46]. 


Steam reforming C1—C5 hydrocarbons, nafta, gas oils, and simple 
aromatics are commercially practiced, well-known processes. Steam 
reforming of hydrocarbons, partial oxidation of heavy oil residues, selected 
steam reforming of aromatic compounds, and gasification of coals and solid 
wastes to yield a mixture of H, and CO, followed by water-gas shift 


conversion to produce H, and COs, are well established processes [47]. 
Steam reforming and so-called dry or CO, reforming occur according to the 
following reactions and are usually promoted by the use of catalysts: 


(4.7) C,H,, +n H,O = CO+(n+m/2)H, 
(4.8) C,H,, +2 CO, + (2n) CO+(m/2) Hh. 


Modeling of biomass steam gasification to synthesis gas is a challenge 
because of the variability (composition, structure, reactivity, and other 
physical properties) of the raw material and because of the severe 
conditions (temperature, residence time, and heating rate) required [48]. 
The yield of H, from steam gasification increases with increasing water-to- 


sample (W/S) ratio [49] The yields of H, from steam gasification increase 


with increasing temperature. The yield of hydrogen-rich gaseous product in 
the gaseous products from the black liquor steam gasification run 

(W/S = 1.9) increased from 38.0% to 50.3% with increasing temperature 
from 975 to 1325 K [50]. 


The effect of catalyst on gasification products is very important. The use of 
catalysts did not affect the gas yields, but the composition of the gases was 
strongly influenced. The content of H, and CO, increased, while that of CO 


decreased. A drastic reduction in the content of organic compounds could 
also be observed. Because the char yields remained almost constant 
compared to an equivalent no catalytic thermal run, the increase in the 
content of hydrogen was probably due to the influence of the catalyst on the 
water gas shift reaction. Dolomite, Ni-based catalysts and alkaline metal 
oxides are widely used as gasification catalysts [22] The yields of hydrogen 
from biomass with the use of dolomite in the fluidized-bed gasifier and the 


use of nickel-based catalysts in the fixed bed reactor downstream from the 
gasifier were investigated by Lv et al. [51]. They obtained a maximum 
hydrogen yield (130.28 g H,:kg~! biomass) over the temperature range of 
925-1125 K. K,CO3 catalyst shows a destructive effect on the organic 
compounds, and H, and CO, form at the end of the catalytic steam 


reforming process [52]. The catalytic steam gasification of biomass in a lab- 
scale fixed bed reactor was carried out in order to evaluate the effects of 
particle size at different bed temperatures on the gasification performance 
[53]. With decreasing particle size, the dry gas yield, carbon conversion 
efficiency and H, yield increased, and the content of char and tar decreased. 


4.3.3 Hydrogen from Biomass via Supercritical Water 
(Fluid—Gas) Extraction 


The supercritical fluid extraction (SFE) is a separation technology that uses 
supercritical fluid solvent. Fluids cannot be liquefied above the critical 
temperature, regardless of the pressure applied, but may reach the density 
close to the liquid state. Every fluid is characterized by a critical point, 
which is defined in terms of the critical temperature and critical pressure. 
Water is a supercritical fluid above 647.2 K and 22.1 MPa [54, 55]. 


Supercritical water (SCW) possesses properties very different from those of 
liquid water. The dielectric constant of SCW is much lower, and the number 
of hydrogen bonds is much lower and their strength is weaker. As a result, 
high temperature water behaves like many organic solvents so that organic 
compounds have complete miscibility with SCW. Moreover, gases are also 
miscible in SCW, thus a SCW reaction environment provides an 
opportunity to conduct chemistry in a single fluid phase that would 
otherwise occur in a multiphase system under conventional conditions [56]. 


The biomass gasification in SCW is a complex process, but the overall 
chemical conversion can be represented by the simplified net reaction: 


ee ee ae a eee 
(4.9) CH,O, +(2—y) H,O— CO, +(2— y+ x/2) Hp, 
where x and y are the elemental molar ratios of H/C and O/C in biomass, 


respectively. The reaction product is syngas, whose quality depends on x 
and y. The reaction (Eq. 4.9) is an endothermic. It is known from the 


reaction (Eq. 4.9) that water is not only the solvent but also a reactant, and 
the hydrogen in the water is released by the gasification reaction [57]. 


Compared with other biomass thermochemical gasifications, such as air 
gasification or steam gasification, the SCW gasification has high 
gasification efficiency at lower temperature and can deal directly with wet 
biomass without drying [58]. Hydrogen production by biomass gasification 
in SCW is a promising technology for utilizing high moisture content 
biomass. Another advantage of SCW reforming is that the H, is produced at 


a high pressure, which can be stored directly, thus avoiding the large energy 
expenditures associated with its compression. The cost of hydrogen 
production from SCW gasification of wet biomass was several times higher 
than the current price of hydrogen from steam methane reforming. Biomass 
is gasified in supercritical water at a series of temperatures and pressures 
during different resident times to form a product gas composed of H,, COs, 


CO, CHy, and a small amount of C,H, and C,H, [36, 59]. SCW is a 


promising reforming media for the direct production of hydrogen at 875— 
1075 K temperatures with a short reaction time (2—6 seconds). As the 
temperature is increased from 875 to 1075 K, the H, yield increases from 


53% to 73% by volume, respectively [59, 60]. Only a small amount of 
hydrogen is formed at low temperatures, indicating that direct reformation 
reaction of ethanol as a model compound in SCW is favored at high 
temperatures (>975 K) [59]. With an increase in the temperature, the 
hydrogen and carbon dioxide yields increase, while the methane yield 
decreases. 


4.3.4 Comparison of Thermochemical Processes 


In general, the gasification temperature is higher than that of pyrolysis and 
the yield of hydrogen from the gasification is higher than that of the 
pyrolysis. The yield of hydrogen from conventional pyrolysis of corncob 
increases from 33% to 40% with increasing of temperature from 775 to 
1025 K. The yields of hydrogen from steam gasification increase from 29% 
to 45% for (W/S) = 1 and from 29% to 47% for (W/S) = 2 with increasing 
of temperature from 975 to 1225 K [45]. Hydrogen yields and energy 
contents, compared with biomass energy contents obtained from processes 
with biomass, are shown in Table 4.6 [61]. 


Processes Hydrogen Hydrogen Energy 


Yield Contents/Biomass Energy 
(wt%) Content 
Pyrolysis + catalytic 12.6 91 
reforming 
Gasification + shift reaction 11.5 83 
Biomass + steam + except 17.1 124 


heat (theoretical maximum) 


Source: Reproduced with permission from Wang et al. [61]. 


TABLE 4.6 Comparison of Hydrogen Yields Are Obtained by Use of 
Three Different Processes 


Demirbas investigated the yield of hydrogen from supercritical fluid 
extraction (SFE), pyrolysis, and steam gasification of wheat straw and olive 
waste at different temperatures [45]. The highest yields (% dry and ash free 
basis) were obtained from the pyrolysis (46%) and steam gasification (55%) 
of wheat straw, while the lowest yields were from olive waste. He also 
investigated the yield of hydrogen from SFE, pyrolysis and steam 
gasification of beech wood at different temperatures. Distilled water was 
used in the SFE (the critical temperature of pure water is 647.7 K). Results 
of this study are shown in Figure 4.3. From Figure 4.3, the yield of 
hydrogen from SFE was considerably high (49%) at lower temperatures. 
The pyrolysis was carried out at the moderate temperatures and steam 
gasification at the highest temperatures. 
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FIGURE 4.3 Plots for yield of hydrogen from supercritical fluid 
extraction, pyrolysis, and steam gasification [(W/S) = 2] of beech wood at 
different temperatures. Source: Reproduced with permission from Demirbas [45]. 


4.4 Biological Process for Hydrogen 
Production 


Hydrogen produced from water, renewable organic wastes or biomass, 
either biologically (biophotolysis and fermentation) or photobiologically 
(photodecomposition), is termed “biohydrogen.”’ Biological hydrogen 
production processes are found to be more environment friendly and less 
energy intensive as compared with thermochemical and electrochemical 
processes [62]. Researchers have started to investigate hydrogen production 
with anaerobic bacteria since 1980s [63—65]. The main advantages of 
different biological hydrogen production processes are given in Table 4.7 
[66]. 


Process Advantages 


Direct biophotolysis It can produce H, directly from water and sunlight. 


Solar conversion energy increased by 10-fold as 
compared with trees and crops 


Indirect biophotolysis It can produce H, from water. Has the ability to fix 
N, from atmosphere 


Photofermentation A wide spectral light energy can be used by these 
bacteria. 
It can use different waste materials, such as 
distillery effluents, and waste 


Dark fermentation It can produce H, all day long without light. A 
variety of carbon sources can be used as substrates. 
It produces valuable metabolites such as butyric, 
lactic, and acetic acids as by products. It is 
anaerobic process, so there is no O, limitation 


problem. 
Hybrid reactor Two-stage fermentation can improve the overall 
system (combined yield of hydrogen 
dark and 
photofermentation) 


Source: Reproduced with permission from Nath and Das [66]. 


TABLE 4.7 The Main Advantages of Different Biological Hydrogen 
Production Processes 


The processes of biological hydrogen production can be broadly classified 
into two distinct groups. One is light-dependent and the other is light- 
independent process. Specific ways in which microorganisms can produce 
H, include biophotolysis of water using green algae and blue-green algae 
(cyanobacteria), photofermentation, dark fermentation, and hybrid reactor 
system [67]. 


There are three types of microorganisms of biohydrogen generation: 
cyanobacteria, anaerobic bacteria, and fermentative bacteria. The 
cyanobacteria directly decompose water to biohydrogen and oxygen in the 


presence of light energy by photosynthesis. Photosynthetic bacteria use 
organic substrates like organic acids. Anaerobic bacteria use organic 
substances as the sole source of electrons and energy, converting them into 
biohydrogen. Biological hydrogen can be generated from plants by 
biophotolysis of water using microalgae (green algae and cyanobacteria), 
fermentation of organic compounds, and photodecomposition of organic 
compounds by photo-synthetic bacteria [63]. All processes of biological 
hydrogen production are fundamentally dependent upon the presence of a 
hydrogen-producing enzyme. Hydrogenases and nitrogenases are the 
known enzymes which catalyze biological hydrogen production. 
Hydrogenases are the key enzymes for the biological hydrogen production, 
which can be classified as uptake hydrogenases and reversible 
hydrogenases. Uptake hydrogenases, such as Ni—Fe hydrogenases and Ni- 
Fe—Se hydrogenases, act as important catalysts for hydrogen consumption 
as follows [23]: 


(4.10) H, — 2e° + 2H™ 


Reversible hydrogenases, as indicated by its name, have the ability to 
produce H, as well as consume H, depending on the reaction condition, 


(4.11) H,<2e +2H7. 


Despite increasingly conspicuous diversity in many respects, hydrogenase 
can be classified broadly into three distinct classes: Ni-Fe hydrogenase, Fe- 
hydrogenase, and metal-free hydrogenase [68]. Classification of 
hydrogenases is given in Table 4.8. 


Features 


Classification | Occurrence/Source Structure Localization Function 

Ni-Fe Anaerobic, Heterodimeric, Membrane-bound, Uptake of 
photosynthetic multimeric cytoplasmic, hydrogen 
bacteria, periplasmic 
cyanobacteria 

Ni-Fe-Se Sulphate-reducing Oligomeric Membrane-bound, Oxidation of 
bacteria, cytoplasmic hydrogen 
methanogenes 

Fe Photo-synthetic Monomeric, Cytoplasmic, Production of 
bacteria, anaerobic heteromeric mambrane- hydrogen 
fermentative bacteria, bound,periplasmic 
cyanobacteria, green chloroplast, 
algae, protozoan hydrogenosomes 

Metal-free Methanogens Monomeric Cytoplasmic Formation of 

hydrogen 


Source: Reproduced with permission from Das et al. [68]. 


TABLE 4.8 Classification of Hydrogenases 


4.4.1 Biophotolysis of Water Using Microalgae 


Biophotolysis is the action of light on biological systems that results in the 
dissociation of a substrate usually water into molecular hydrogen and 
oxygen. Photosynthetic bacteria (e.g., Rhodobactor) can use broad organic 
substrates, including lactic and acetic acids, as the energy and carbon source 
under light irradiation. Photoautotrophic green algae and cyanobacteria use 
sunlight and carbon dioxide as the sole sources for energy and carbon [1]. 
Based on a preliminary engineering and economic analysis, biophotolysis 
processes must achieve close to an overall 10% solar energy conversion 
efficiency to be competitive with alternatives sources of renewable 
hydrogen [69]. 


4.4.1.1 Direct Biophotolysis 


Direct biophotolysis of hydrogen production is a biological process that 
utilizes light energy and photosynthetic systems of microalgae to convert 
water into chemical energy. 


(4.12) 2 H,O + Light energy — 2 H, +O . 


The solar energy is absorbed by the pigments at photosystem I (PSI), or 
photosystem II (PSII) or both, which raises the energy level of electrons 


from water oxidation when they are transferred from PSI via PSII to 
ferredoxin. The concept of “direct biophotolysis”’ envisions light-driven 
simultaneous O, evolution on the oxidizing side of PSII and H, production 
on the reducing side of PSI, with a maximum H, : O, (mol : mol) ratio of 2 
: 1 [70]. 


Since hydrogenase is sensitive to oxygen, it is necessary to maintain the 
oxygen content at a low level under 0.1% so that hydrogen production can 
be sustained. This condition can be obtained by the use of green algae 
Chlamydomonas reinhardtii that can deplete oxygen during oxidative 
respiration [23, 67]. Reported hydrogen production rates using this method 
are approximately 0.07 mmol:h™t per liter [71, 72]. 


4.4.1.2 Indirect Biophotolysis 


In indirect biophotolysis, the problem of sensitivity of the hydrogen 
evolving process to oxygen is usually circumvented by separating oxygen 
and hydrogen [72-74]. The concept of indirect biophotolysis involves the 
following four steps: [23] (1) biomass production by photosynthesis, (2) 
biomass concentration, (3) aerobic dark fermentation yielding 4 mol 
hydrogen/mol glucose in the algae cell, along with 2 mol of acetates, and 
(4) conversion of 2 mol of acetates into hydrogen. In a typical indirect 
biophotolysis, cyanobacteria can synthesize and evolve hydrogen through 
photosynthesis by following reactions: 


(4.13) 12 HO +6 CO, + Light energy — C,H),0, +6 O, 
(4.14) C,H,.0, +12 H,O+ Light energy — 12 H, +6 CQO). 


Hydrogen production by cyanobacteria has been studied for over three 
decades and has revealed that efficient photoconversion of H,O to H, is 


influenced by many factors. Rates of H, production by nonnitrogen-fixing 
Cyanobacteria range from 0.02 umol Hy-mg™! chl a/h (Synechococcus PCC 
6307) to 0.40 umol H,-mg™! chl a/h (Aphanocapsa montana) [75]. 


4.4.2 Photofermentation 


Purple nonsulfur bacteria evolve molecular hydrogen catalyzed by 
nitrogenase under nitrogen-deficient conditions using light energy and 
reduced compounds (organic acids) [76]. These bacteria themselves are not 
powerful enough to split water. However, under anaerobic conditions, these 
bacteria are able to use simple organic acids, like acetic acid, or even 
hydrogen disulfide as electron donor. These electrons are transported to the 
nitrogenase by ferredoxin using energy in the form of adenosine 
triphosphate (ATP). When nitrogen is not present, this nitrogenase enzyme 
can reduce proton into hydrogen gas again using extra energy in the form of 
ATP [72]. The reaction can be given as 


~ A a | fal io apoy — 9) 5 h- 
(4.15) CsHi20s +12 H,O + Light energy — 12 H, +6 CO.. 


Among the various bioprocesses capable of hydrogen production, 
photofermentation is favored due to relatively higher substrate-to-hydrogen 
yields and, its ability to trap energy under a wide range of the light 
spectrum and versatility in sources of metabolic substrates with promise for 
waste stabilization [77]. In photofermentation processes, the yield of the 
order of 80% has been achieved [72]. However, these processes have three 
main drawbacks [23]: (1) use of nitrogenase enzyme with high-energy 
demand, (2) low solar energy conversion efficiency, and (3) demand for 
elaborate anaerobic photobioreactors covering large areas. 


4.4.3 Dark Fermentation 


Hydrogen can be produced by anaerobic bacteria, grown in the dark on 
carbohydrate-rich substrates. Dark fermentation of carbohydrate-rich 
substrates as biomass presents a promising route of biological hydrogen 
production, compared with photosynthetic routes. Anaerobic hydrogen 
fermenting bacteria can produce hydrogen continuously without the need 
for photoenergy. Dark hydrogen fermentation can be performed at different 
temperatures: mesophilic (298-313 K), thermophilic (313-338 K), extreme- 
thermophilic (338-353 K), or hyperthermophilic (+353 K). While direct 
and indirect photolysis systems produce pure H,, dark fermentation 


processes produce a mixed biogas containing primarily H, and COs, but 
which may also contain lesser amounts of methane (CH,), CO, and/or 
hydrogen sulfide (H-S) [75]. Glucose yields different amount of hydrogen 


depending on the fermentation pathways and liquid end products. A 
maximum of 4 mol hydrogen is theoretically produced from 1 mol of 
glucose with acetic acid as the end product, while a maximum of 2 mol 
hydrogen is theoretically produced from 1 mol of glucose with butyrate as 
the end product [78]: 


(4.16) C,H,.0, +2 H,O — 2 CH,;COOH +2 CO, +4 H, 
(4.17) C,H,.0, — CH,;CH,COOH + 2 CO, +2 H. 


Thus, the highest theoretical yields of H, are associated with acetate as the 
fermentation end product. In practice, however, high H, yields are usually 
associated with a mixture of acetate and butyrate fermentation products, and 
low H, yields are with associated propionate and reduced end-products 
(alcohols, lactic acid). Clostridium pasteurianum, Clostridium butyricum, 
and Clostridium beijerinkii are high H, producers, while Clostridium 
propionicum is a poor H, producer [75, 79, 80]. 


The amount of hydrogen production by dark fermentation highly depends 
on the pH value, hydraulic retention time (HRT) and gas partial pressure. 
For the optimal hydrogen production, pH should be maintained between 5 
and 6 [23]. Hydrogen production from the bacterial fermentation of sugars 
has been examined in a variety of reactor systems. Hexose concentration 
has a greater effect on H, yields than the HRT. Flocculation also was an 
important factor in the performance of the reactor [40]. The hydrogen yield 
from sucrose by dark fermentation could be difficult to increase above 2.5- 
mol/mol hexose, owing to the formation of fatty acids during the 
fermentation process [81]. 


4.4.4 Two-Stage Process: Integration of Dark and 
Photofermentation 


A combination of dark and photofermentation in a two-stage hybrid system 
could be expected to reach as close to the theoretical maximum production 
of 12 mol of H, (mol glucose)~! equivalent as possible, according to the 
following reactions [82]: 


Stage I: Dark fermentation (facultative anaerobes) 


(4.18) CoHi20, +2 H,0— 2 CH;COOH +2 CO, +4 H, 


Stage II: Photofermentation (photosynthetic bacteria) 


(4.19) 2 CH:COOH +4 H,O — 8 H, +4 CO, 


In the first step, biomass is fermented to acetate, carbon dioxide, and 
hydrogen by thermophilic dark fermentation, while in the second step, 
acetate is converted to hydrogen and carbon dioxide. 


Starch, cellulose or hemicellulose content of wastes, carbohydrate rich food 
industry effluents or waste biological sludge can be further processed to 
convert the carbohydrates to organic acids and then to hydrogen gas by 
using proper bioprocessing technologies. Figure 4.4 shows schematic 
diagram for biohydrogen production from food industry wastewaters and 
agricultural wastes by two stages, anaerobic dark and photofermentations 
[83]. 
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FIGURE 4.4 A schematic diagram for biohydrogen production from 
cellulose/starch containing agricultural wastes and food industry 
wastewaters. Source: Reproduced with permission from Kapdan and Kargi [83]. 


4.5 Summary 


Hydrogen produced from biorenewables is a promising sustainable energy 
carrier as an alternative to fossil fuels. Biomass-based hydrogen generation 
is particularly interesting for rural areas. The share of hydrogen from 
biomass in the automotive fuel market is expected to grow in the next 
decade. Hydrogen is currently more expensive than conventional energy 
sources. In the longer term, renewable sources will become increasingly 
more important for production of hydrogen, thereby lowering its production 
cost. Thermochemical (pyrolysis and gasification) and biological 
(biophotolysis, photofermentation, and dark fermentation) processes can be 
practically applied to produce hydrogen. Biomass gasification offers the 


earliest and most economical route for the production of renewable 
hydrogen. Steam reforming of natural gas and gasification of biomass could 
become the dominant technologies by the end of the twenty-first century. 
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5 
Established Methods Based on Compression 
and Cryogenics 


5.1 Basic Issues about Hydrogen Storage 


Hydrogen storage is one of the major challenges in the development of 
hydrogen as a fuel for widespread applications. In this chapter, we will 
cover traditional or well-established techniques for hydrogen storage based 
on high pressure compression or low temperature liquefaction. Other newer 
methods under research and development will be covered in Chapters 6 and 
Z. We will first introduce energy content for fuels. 


The energy stored in hydrogen or other fuels can be expressed either on a 
weight basis (mass energy density or gravimetric capacity) or on a volume 
basis (volumetric energy density or volumetric capacity). When hydrogen 
reacts with oxygen, water (vapor or liquid) is formed and energy is released, 


H, + : O,=H,0 AH= 241.826 kJ-mol'(lower heating value). 
(5.1) 2 
Thus, if 1 mol of hydrogen is burned with 100% energy conversion 
efficiency, 241.826 kJ of energy should be released. Since the molar mass 
of hydrogen is M = 2.02 x 10°° kg-mol |, the mass energy density of pure 
hydrogen is 


00, = OF 119.716 MJ-ke"! 
(5.2) M 


At 1 atm and 298.15 K (25°C), the volume occupied by 1 mole of H; is 
Vu = 24.46 L, and the volumetric energy density of H; is 


py = = = 9.89 MJ -m~. 
(5.3) Ve 


Similar definition can be used for other fuels, such as methane, propane, 
and gasoline. In fact, hydrogen has the highest mass energy density among 
all the chemical fuels, but almost the lowest volumetric energy density 
beside wood. Taken gasoline for example, its mass energy density is 

45.7 MJ-kg~! and volumetric energy density is 34,600 MJ-m7°. Although 
gasoline has smaller mass energy density, it has the highest volumetric 
energy density that makes it really useful. For practical application, for 
example, it takes 10 gal of gasoline for a light-duty vehicle to drive around 
300 mi. If hydrogen is used, one needs to burn a tank of 3495 gal of 
hydrogen to drive similar distance. It is practically impossible to use such a 
big volume of H, to drive a commercial vehicle. Therefore, one critical 


issue in using hydrogen is to find new methods to improve the volumetric 
energy density of hydrogen while keeping the mass energy density high, 
that is, to compress the large volumes of the hydrogen gas. 


One of the easiest ways to increase the volumetric energy density is to 
compress the hydrogen or to liquefy hydrogen at low temperature. Liquid 
hydrogen has a mass density of 70.8 kg-m° (at -253°C). This gives a 
volumetric energy density of 8.495 x 103 MJ-m °, which is about 860 times 
higher than that of hydrogen gas at ambient conditions. This storage method 
is based on changing the physical state of hydrogen, and usually requires 
extra accessories, such as robust containers, valves, regulators, piping, 
mounting brackets, insulation, added cooling capacity, and thermal 
management components. 


An alternative way to store hydrogen is to use hydrogen storage materials. 
For some solid materials, the interaction of hydrogen atoms with the atoms 
in the materials may be much stronger than the hydrogen—hydrogen 
interaction. Therefore, hydrogen atoms could bind more closely together 
inside the solid structures, generating much higher hydrogen density under 
ambient conditions, or hydrogen could chemically react with the solid 
material to form hydrides with relatively weak hydrogen bonds or 
metastable states. Those materials could significantly improve the 
volumetric energy density of hydrogen. 


For hydrogen storage system, the mass of the energy storage system not 
only includes the mass of hydrogen my, but also should account for mass of 


containers or storage materials, m,. Thus, the effective mass energy density 
Pm Of a hydrogen storage system can be expressed as, 


AH in AH My My S 


M" 


(5.4) acl My +m, M M my,+m, 7 My +m, 

i p / oa! . . . 

Since Pu =119.716MJ-kg™ is a constant, the effective mass energy density 
is proportional to the hydrogen's mass percentage 


My 


—HE_ (Q 
My +m, 


in the storage system or materials, which means for a hydrogen storage 
system or materials, the mass energy density is only a fraction of that in 
pure hydrogen. Therefore, one can use the hydrogen mass percentage to 
describe the gravimetric capacity of hydrogen storage systems. Similarly, 
the effective volumetric energy density py of a hydrogen storage system or 


material can be expressed as, 


ae a E Fa 
(5.5) V M 7 


Vv’ 
where V is the total volume of the storage system or materials. Thus, one 
can use the effective hydrogen density 


My 1-4 
—(g-L}, 
y (SE) 


to describe the volumetric capacity of hydrogen storage systems. 


For onboard hydrogen applications, a vehicle needs to carry 5-13 kg 
hydrogen in order to make a drive distance great than 300 mi. With the 
confinement of vehicle design, this imposes many requirements for 
hydrogen storage systems. U.S. Department of Energy (DOE) has set 
several targets for onboard hydrogen storage systems for light-duty vehicles 
[1]. Its ultimate target is 7.5% gravimetric capacity and 70 g-L! volumetric 
capacity. The target for year 2017 is 5.5% and 40 g-L! gravimetric and 
volumetric capacities. Figure 5.1 shows a summary of the different 


hydrogen storage systems in use or under development in terms of their 
gravimetric and volumetric capacities as compared with DOE's targets. 
Clearly, the physical means to store hydrogen, for example, the compressed 
hydrogen and liquid hydrogen systems, are very close to the DOE targets. 


j 
70 + l EJ 
i | 
— 60 I Revised 
Š | | DOE 
> 50 4 l system 
7 | | targets 
T ys 
a 
ô iy C F7 = ——_liquid hydrogen 
v A ~ 
= chemical hydride p á> 
§ 30 : A 
Z } complex hydride cryocompressed 
$ 20 + = 
+ 5 @ 700 bar 
40 4 G-sorbont 350 bar compressed hydrogen 
| “Learning Demos” 
0-4 + + + + + + + + + + + + + + + 4 
0 1 2 3 4 5 6 7 8 


Gravimetric Capacity (wt%) 


FIGURE 5.1 A summary of current status of hydrogen storage 
technologies in terms of weight, volume, and cost. These values are 
estimates from storage system developers and the R&D community and 
will be continuously updated by DOE as new technological advancements 
take place. Source: Reproduced with permission from 


[2]. (See color insert.) 


5.2 High Pressure Compression 


A common and simple method for storing and transporting hydrogen is to 
compress hydrogen into a fixed volume (in a metal cylinder or tank) at high 
pressure, so that the mass density of hydrogen will be increased. If under 
high pressure P, the mass of compressed hydrogen is my, the tank volume 
and mass are Vank and My, the effective gravimetric and volumetric 
Capacities are 


' My , My 
Pu = aid py = i 
My + Mank lank 


The parameters P, Vank, and my are linked by the equation of state of 
hydrogen, f(P, Vank T) = 0. The simplest approximation is the law of an 
ideal gas, 


(5.6) PV = ART. 


where 


and R is the gas constant. If Equation (5.6) is valid, then 
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FIGURE 5.2 Compressibility factor of hydrogen. Source: Reproduced 
with permission from Zhou and Zhou [3]. 


that is, the volumetric capacity increases linearly with compression pressure 
P. However, the compressed hydrogen gas cannot be treated as an idea gas 
due to strong intermolecular interactions, and the equation of state can be 
approximated as 


(5.8) PV. = NART, 


where Z is called the compressibility factor, and is a function of both 
temperature T and pressure P, as shown in Figure 5.2. The volumetric 
capacity can be estimated as 


y- PM. 
(5.9) ZRT 


/ 
Depending on the compression temperature, P” may not be a monotonic 


function of P. Table 5.1 shows the calculated # values at 20°C for a 150-L 
tank at different compression pressure. The corresponding Z-factor is also 
given in Table 5.1 [3]. For a standard 150-L compression tank, only when 
the pressure increases to more than 50 MPa can the amount of hydrogen 
stored in the compressed gas tank meet the requirement by DOE. 


P(MPa) 0.1013 5 10 20 30 35 40 50 70 100 
Z 1 1.032 1065 1132 1201 1236 1272 1344 1489 1702 
m, (kg) in 0.0126 0.603 117 220 3.11 3.52 3.91 463 5.85 731 
150-L 
tank) 


ø% (gL) 0.084 4.02 779 14.65 20.71 23.48 26.08 30.85 38.98 48.72 


TABLE 5.1 Hydrogen Compressibility Factor (Z) at 20°C and 
Corresponding Volumetric Capacity æ [4] 


The gravimetric capacity can be expressed as 


' l l 
(5.10) Pu T+ ten |g 1+ hee ZRT | MPV 


The mass of hydrogen my stored in standard tank is calculated and listed in 
Table 5.1. Clearly, the gravimetric capacity is determined by the mass of the 


compressed tank. To meet the DOE's 2017 target, the mass of the tank man, 
< 100.5 kg if the hydrogen can be compressed at 70 MPa. 


Compressed hydrogen is stored in thick-walled tanks made of high strength 
materials to ensure durability and safety. The standard compressed tanks 
use pressure of 10—20 MPa, and are usually made of heavy steel- or 
aluminum-lined steel. They cannot hold enough hydrogen for onboard 
applications, and have a significantly low gravimetric and volumetric 
capacity (see Table 5.1). The current trend to replace the standard gas 
cylinders is to use lightweight composite fiber tanks. The state-of-art 
advanced lightweight storage system is based on the designed philosophy of 
TriShield™ cylinder (QUANTUM Technologies WorldWide, Inc.) as 
shown in Figure 5.3. The system is comprised of a seamless, one-piece, 
permeation-resistant, cross-linked ultra-high molecular weight polymer 
liner that is overwrapped with multiple layers of carbon fiber/epoxy 
laminate and a proprietary external protective layer for impact resistance. 
Currently, QUANTUM has a commercial 129-L lightweight H, cylinder 


working under 70 MPa. The weight of the cylinder is 92 kg, and stored 
useful hydrogen is 5 kg [6]. 
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FIGURE 5.3 TriShield™ Tank construction. Source: Reproduced with 
permission from 
http://www 1.eere.energy. gov/hydrogenandfuelcells/pdfs/32405b27.pdf [5]. 


Besides the hydrogen content, another critical issue associated with high 
pressure hydrogen storage is the compression. To compress hydrogen 


requires external electrical energy. The actual work done to compress a gas 
is usually between the theoretical estimations of an isothermal and an 
adiabatic compression process. The work W required to compress the gas is 


V2 
W= J PdV. 
(5.11) vi 


For an isothermal compression, the temperature of hydrogen is assumed not 
to change during the process, and for an ideal gas, the work Wy is 


Wr = nRTIn P 
(2.12) 


For a nonideal gas with a Z-factor (Eq. 5.8), 


Wr = nZRTIn P, s 
(5.13) P; 
where V, and P} are the initial uncompressed volume and pressure, while 
V, and P, are the final compressed volume and pressure of hydrogen. For 
an ideal gas in a adiabatic compression (no heat exchange with the 


environment), it is well known that [7] 
(5.14) PV" = PV," = constant, 
and 


, \7-1 a 


v =z) 
615%) MA 
where y = C,/C, is the specific heat ratio, and C, and C, are the specific 


heats of hydrogen. For an ideal hydrogen gas, y = 1.4. The work Wg done in 
the adiabatic process is 


“Ay 
1 
‘ 


OE 
W,= — =J: 
: z) i 
(5.16) 


Usually, the compression process is carried out under several stages, and the 
total work required for an l-stage process is 


nRT, 


y—l 


Bf -i 


Wo = — nRT ae 


(3.17) 


Multiple stage compression could significantly reduce the required energy. 
For example, for a two-stage compression, if the initial and final pressures 


are fixed at P, and P,, when the intermediate pressure / = VAP , Equation 
(5.17) gives the minimum work required, 


“ay 
= | 
‘ 


7-1 


r 7-1 
Wo = —— nRT, 


oF 
(3.18) 


If 1 mole of hydrogen is compressed from 1 atm at 20°C, Figure 5.4 shows 
the comparison of the works Wo required for a one-stage and a two-stage 


compression as a function of the final pressure P,. To compress the 


hydrogen to 70 MPa, the two-stage process only requires ~56% of energy 
of the one-stage process. The higher the final pressure, the more the energy 
saved. Similarly, a three-stage process, with intermediate pressure 


Pa ` yi 


ni =i, 
P, 


can further reduce the required work (Fig, 5.4). Thus, with the increase of 
number of compression stages, the required energy is reduced. But no 
significant energy efficiency gain is expected when | > 3. 
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FIGURE 5.4 Energy required to compress 1 mole hydrogen from 1 atm at 
20°C for a one-stage, a two-stage, and a three-stage compression process. 
The lowest curve show W, calculated using Equation (5.12) for the ideal 


gas case. (See color insert.) 


When the pressure becomes higher, the behavior of hydrogen gas deviates 
from that of an ideal gas, and the compression process can be better 
approximated by a polytropic process. The index y in Equation. (5.16) and 
Equation (5.17) can be replaced by the polytropic index ß (>y) with 


m 


jt 
(5.19) 1+ nyt 


Equation (15.16), Equation (5.17), and Equation (5.18). Here, 7 is the 
polytropic efficiency. 


There are other issues associated with the compressed hydrogen storage, in 
particular, cost and safety. The cost includes that for the lightweight tank 
and for the compressor as well as the energy required for compression. 
Novel compression technique with low cost and low energy requirement is 
also a challenge issue and active topic for high pressure hydrogen storage. 
For example, recently, the electrochemical hydrogen pumps based on the 
development of polymer electrolyte membrane fuel cell has been proposed 


and studied extensively [8]. An example of polymer electrolyte hydrogen 
pump (PEHP) is shown in Figure 5.5 [9]. It consists of a proton-conducting 
polymer electrolyte sandwiched between two porous electrodes. Gas 
containing H, is fed to the anode. Under an applied voltage, H, is oxidized 
into protons and electrons. The protons can transport across the polymer 
electrolyte membrane to the cathode, where they are reduced back to H>. 
The pumping is done at low potentials, and only hydrogen is pumped across 
the electrolyte and membrane. The PEHP acts both as a separator unit and 
as a pump. 
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FIGURE 5.5 An example of the polymer electrolyte hydrogen pump 
(PEHP). Source: Reproduced with permission from Abdulla et al. [9]. (See 
color insert.) 


5.3 Liquid Hydrogen 


Liquid hydrogen has a much higher volumetric capacity compared with gas 
hydrogen as shown in Section 5.1. It is expected that if hydrogen is stored 
in liquid phase, it will maintain high energy content, which could meet the 
DOE target. In fact, liquid hydrogen has been used in some special 
applications such as the Space Shuttle. However, liquid hydrogen only 
exists in a very narrow temperature and pressure range as shown in the 
phase diagram in Figure 5.6: between the triple point 13.8 K (at this 
temperature, gas, liquid, and solid phases coexist) and critical point 32.97 K 
(the heat of vaporization is zero at and beyond this temperature). Hydrogen 


has the second lowest boiling point (transition temperature from liquid to 
gas), 20.28 K, and melting point (transition temperature from solid to 
liquid), 14.01 K, of all substances, second only to helium. The boiling point 
is a critical parameter since it defines the temperature to be cooled in order 
to store and use the fuel as a liquid. Thus, liquid hydrogen requires 
cryogenic storage and boils around 20.28 K (—252.87°C or —423.17°F). 
Cooling to such low temperature requires a fairly amount of energy, and 
storing the liquid hydrogen needs specific containers and management. 
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FIGURE 5.6 A simple phase diagram of hydrogen. Source: Reproduced 
with permission from Leung et al. [10]. 


The liquefaction process requires very clean hydrogen, several cycles of 
compression, liquid nitrogen or helium cooling, and expansion taking the 
advantage of the Joule-Thomson (JT) effect. When a real gas is allowed to 
expand adiabatically through a porous plug or a fine hole into a region of 
low pressure, it is accompanied by cooling (or heating). Cooling takes place 
because some work is done to overcome the intermolecular forces of 
attraction. In JT effect, the enthalpy H of the system remains a constant, and 
the JT coefficient is defined as 


p= p H: 
(5.20) oP 


For cooling p > 0 and for heating u < 0. A unique locus of P—T points at 

u = 0 is called JT inversion curve (see Fig, 5.7, the maximum points of the 
T-P curve for a constant H). Thus, for a certain temperature, there exists a 
pressure beyond which p < 0 and isenthalpic expansion causes a 
temperature rise; while at lower pressures, u > O and isenthalpic expansion 
induces the cooling effect. Gases like H,, He, whose inversion temperature 


is low, show heating effect at room temperature. However, if these gases are 
just cooled below the inversion temperature and then subjected to JT effect, 
they will also undergo cooling. For hydrogen, the maximum JT inversion 
temperature is at 205 K (—68.15°C). Thus, hydrogen needs to be precooled 
to below this temperature. This can be done using cold or liquid nitrogen. 
Then, the gas is further expanded to cool down to the boiling point of 
hydrogen using a JT valve or a cryogenic turbine. 
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FIGURE 5.7 The illustration of the JT inversion curve (reproduced from 
Barron [11]) and the JT inversion curves for some conventional gases. 
Source: Reproduced with permission from Flynn [12]. (See color insert.) 


The simplest liquefaction process is the Linde cycle, which is shown 
schematically in Figure 5.8 along with the T-s (entropy) diagram. Makeup 
gas is mixed with the uncondensed gas from the previous cycle, and the 
mixture at state 1 is compressed by an isothermal compressor to state 2. The 
high pressure gas is further cooled down after passing through a constant- 
pressure heat exchanger (ideally) by liquid nitrogen and the uncondensed 
gas from the previous cycle to state 3, and is then forced to pass through a 
throttle valve to state 4, which undergoes an adiabatic expansion, producing 
a saturated liquid—vapor mixture. The liquid (state 6) is collected as the 


desired product, and the vapor (state 5) is routed through the heat exchanger 
to cool the high pressure gas approaching the throttling valve. Finally, the 
gas is mixed with fresh makeup gas, and the cycle is repeated. A simple 
Linde cycle may not work for hydrogen at room temperature since its 
inversion temperature is very low, and physically it may be impossible to 
transfer enough energy in the heat exchanger to produce liquid. Therefore, 
modified Linde cycles with precooled gases may need, such as precooled 
Linde cycle, dual-pressure cycle, or even cascade Linde cycle [11]. 
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FIGURE 5.8 Schematic and temperature-entropy diagram of a simple 


Linde cycle. Source: Reproduced with permission from Barron [11]. (See 
color insert.) 


The Claude cycle is a common method to liquefy high volume of hydrogen, 
as shown in Figure 5.9. The Claude cycle combines the isentropic (Brayton 
cycle) and isenthalpic (Linde cycle) expansions, and both the heat 
exchangers and mechanical expanders are used to cool the compressed and 
precooled hydrogen below its inversion temperature. As shown in Figure 
5.9, the gas is first compressed, and passed through the first heat exchanger. 
Between 60% and 80% of the gas is then deviated from the mainstream, 


expanded through an expander. Such an expansion process is isentropic and 
a much lower temperature is attained than from an isenthalpic expansion. 
The portion of gas is reunited with the return stream below the second heat 
exchanger. The stream to be liquefied continues through the second heat 
exchanger, the third heat exchanger, and is finally expanded through a JT 
valve to the liquid tank. The cold vapor from the liquid tank is returned 
through the heat exchangers to cool the incoming gas. The Claude cycle 
may be used without modification to liquefy hydrogen since the system 
does not primarily depend on the expansion valve to produce low 
temperatures. In addition, by using liquid nitrogen precooling with the 
Claude system, a figure of merit 50—70% higher than that of the precooled 
Linde system may be obtained. Other methods, such as Haylandt cycle and 
dual-pressure Claude cycle, can be used to liquefy hydrogen also [11]. 
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FIGURE 5.9 Schematic and temperature-entropy diagram of a simple 
Claude cycle. Reproduced with permission from Barron [11]. (See color 
insert.) 


Liquid hydrogen needs to be stored in cryogenic vessels (or cryostats). The 
cryostats are metallic double-walled vessels with insulation, sandwiched 
between the walls. To minimize thermal losses, effects of thermal radiation, 
thermal convection, and thermal conduction have to be taken into account 
in designing the vessels (Fig. 5.10). The inner vessel is insulated with a 
multilayered material with spacers acting as thermal barriers. The spacers 
are coated with high reflective Ag films to minimize thermal radiation loss. 
This inner vessel is mounted within the outer vessel by means of specially 
designed internal fixtures. The volume between the inner and outer vessels 
is evacuated to high vacuum to avoid possible heat leaks by thermal 
convection. In spite of the insulation, due to the unavoidable heat input, 
hydrogen will evaporate in the tank, which will cause the pressure rise in 


the vessel. Pressure build-up can be treated to be linearly proportional to 
storage time. Once the pressure reaches the maximum operation pressure of 
the tank, a blow-off valve has to be opened to release the hydrogen in order 
to maintain the safety of the system. The unexpected heat input could come 
externally or internally. As discussed in Chapter 1, hydrogen has two forms, 
the parahydrogen and orthohydrogen. These two forms of hydrogen not 
only have different internal energy, also have different thermal dynamic 
properties. The parahydrogen has lower melting and boiling points than 
those of the orthohydrogen. When hydrogen is cooled down, more 
orthohydrogen is converted to parahydrogen. The ratio of orthohydrogen 
can be reduced from 75% at room temperature to 25% at 77 K, and can be 
further reduced to 0.2% when the hydrogen is cooled down to the boiling 
point (20.08 K). The conversion of orthohydrogen to parahydrogen is a 
heat-release process. As long as there are orthohydrogens in the cryostats, 
conversion of orthohydrogen to parahydrogen is inevitable, which will 
cause heating of the liquid hydrogen. Clearly, although liquid hydrogen has 
significantly higher energy capacities compared with compressed hydrogen, 
it has some disadvantages, mainly the large amount of energy required to 
liquefy hydrogen, the strict requirements of cryogenic vessels with 
complicated thermal and pressure management, and hydrogen losses 
through evaporation from the containers. 
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FIGURE 5.10 Schematic illustration of a representative cryogenic vessel. 
Source: “Hydrogen storage: state-of-the-art and future perspective,” 
http://publications. jrc.ec.europa.eu/repository/bitstream/111111111/6013/1/ 
EUR%2020995%20EN. pdf. (See color insert.) 


5.4 Summary 


The compressed hydrogen tank and liquid hydrogen are the two most 
popular hydrogen storage methods for current industrial use. To use them as 
hydrogen vehicle, they will face similar challenges, such as vessel design 
and material requirements, reducing energy expense in compression and 
liquefaction process, and therefore reducing the total cost. For the high 
pressure gas storage, the challenge lies in increasing H, pressure, finding 


new lightweight and higher strength materials for vessels. For liquid 
hydrogen storage, the design of cryogenic vessel and reduction of the cost 
and energy loss in liquefaction process present the main challenges. In 
addition, the concern of safety of using pure hydrogen is an issue to the 
public. Thus, for future hydrogen cars, safer and more reliable storage 
methods need to be developed, and chemical storage is one alternative with 
high promise. 
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6 
Chemical Storage Based on Metal Hydrides 
and Hydrocarbons 


6.1 Basics on Hydrogen Storage of Metal 
Hydrides 


Many metals, intermetallic compounds, and alloys can react with hydrogen 
to form solid metal hydrides. Most metal hydrides have hydrogen very 
strongly bound to the metal. Some of the metal hydrides have even higher 
volumetric hydrogen storage capability than that of liquid hydrogen, which 
makes the metal hydride very attractive for on-board hydrogen storage 
applications. For example, Mg,FeH, and Al(BH,)3 have the highest 


volumetric hydrogen density known today, 150 kgm ~°. 


Figure 6.1 shows a comparison of both the volumetric and gravimetric 
storage capacities of different materials summarized by Ziittel recently [1]. 
In general, most metal hydrides have very high volumetric density 
compared with that of liquid hydrogen, but the gravimetric density is 
usually low. Also, metal hydrides have the advantage for low pressure 
hydrogen adsorption and storage, thus making them more attractive from 
safety point of view. Since metal hydrides are in solid state, they do not 
require a complicated container to store, which makes them even more 
attractive. However, the formation of metal hydride and the 
dehydrogenation process are both chemical processes, which involve the 
formation or breaking of metal—hydrogen bonds, and the hydrogen atoms 
often occupy interstitial sites of metal. As a result, relatively high 
temperatures, around 120—300°C, are required to release the hydrogen, 
which presents a major challenge for metal hydrides to meet the target for 
onboard hydrogen fuel systems, that is, <100°C for hydrogen release and 
<700 bar for hydrogen recharge (20-60 kJ-mol! H»). In addition, all the 


metal hydrides that can operate at ambient temperature and pressure consist 
of transition metals and have a relatively low gravimetric density (usually 


<10 wt%). Therefore, exploring lightweight metal hydride and tuning their 
thermodynamic and kinetic properties are of strong interest. 
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FIGURE 6.1 Volumetric and gravimetric hydrogen density of some 
selected hydrides. Source: Reproduced with permission from Züttel et al. [1]. 


6.2 Hydrogen Storage Characteristics of 
Metal Hydrides 


Since the hydrogen storage mechanisms of metal hydrides and complex 
hydrides involve primarily chemical reaction processes, their storage 
characteristics are more complicated than that of physical storage of pure 
hydrogen discussed in Chapter 5. To determine whether the material has 
good hydrogen storage performance, the following properties need to be 
examined. 


6.2.1 Storage Capacities 


Both the gravimetric and volumetric storage capacities are still the most 
important parameters to compare when measuring the storage performance 
of different materials. The ideal storage capacity of a metal hydride is 


determined by the stoichiometry of the particular hydride. For a metal 


i 
hydride MH,, the ideal gravimetric storage capacity P™ is determined as 


xM o 
E ae" «x 100) wt%, 


(6.1) = XM y + Myu 
where My and My are the atomic mass of hydrogen and metal (or alloy) M. 


t 
The volumetric storage capacity P” is defined as 


, My xM y 


(6.2) e Vu My! Pu 


where my is the mass of hydrogen stored in the metal with a volume Vy, 
and py is the mass density of metal M. Here, the definition does not 


consider the lattice expansion during hydrogenation of a metal. A more 
rigorous definition that can be applied for any chemical storage materials is, 


i My xMy 


(6.3) g Vun, J Mun, Í Pun, l 


In practice, the hydrogen storage capacity may vary since there may be 
impurities or defects in the materials, and hydrogen may adsorb into the 
material through physical interactions. Furthermore, the thermodynamics 
and kinetics of hydrogenation and dehydrogenation processes will 
determine the real hydrogen storage capacity under specific conditions. 


6.2.2 Thermodynamics and Reversible Storage 
Capacity 


The hydrogenation and dehydrogenation are the mutual reverse processes 
for a metal hydride and only occur at a certain temperature (preferably at 
room temperature) and pressure range, that is, depending on the 
thermodynamic nature of the metal and metal hydride. When exposed to 
hydrogen, the metal or metal alloy (M) will form metal hydride through the 
following reaction, 


M+~H, = MH, +Q, 

(6.4) 2 
where Q is the heat of hydride formation. In general, the hydrogenation is 
exothermic, while the dehydrogenation is endothermic. Practically, the 
hydrogenation process happens at high hydrogen pressure, while 
dehydrogenation occurs at low pressure. Figure 6.2 shows a typical 
pressure—composition—temperature (P—C-T) curve during a hydrogenation 
and dehydrogenation cycle. With the increasing hydrogen pressure, a metal 
starts to adsorb hydrogen to form metal—hydrogen solid solution (a-phase). 
When the pressure reaches “A” location shown in Figure 6.2, the metal 
starts to form hydride (f-phase). At this stage, the hydrogen pressure (P4) 


almost remains as a constant while the hydrogen content increases 
significantly. The hydrogenation process will be complete at “B” location. 
This A-B adsorption plateau characterizes the effective hydrogen storage 
capacity at a fixed temperature. In general, the adsorption plateau pressure 
will increase with temperature, and follow the van 't Hoff relation [2], 


AH AS 


In P = — . 
(6.5) RT R 


where P is the hydrogen pressure, AH and AS are the enthalpy and entropy 
of hydride formation or decomposition, R is the universal gas constant, and 
T is the temperature. The heat of formation can be obtained by plotting the 
plateau pressure InP versus 1/T (van 't Hoff plot), as shown in Figure 6.3 
[3]. The dehydrogenation process is a reverse process as shown in Figure 
6.2, and it also shows a desorption plateau with a lower near-constant 
hydrogen pressure Pp. The adsorption and desorption plateaus form a 


hysteresis loop for the hydrogenation and dehydrogenation processes, and 
the free energy difference associated with the hysteresis is given by 


AGyyst = RT In P 
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FIGURE 6.2 The typical PCT curves for the hydrogenation and 
dehydrogenation of a metal hydride under a fixed temperature T. (See color 
insert.) 
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FIGURE 6.3 The van 't Hoff plots of several selected metal hydrides. 
Source: Reproduced with permission from Zuttel [3]. (See color insert.) 


The hysteresis represents a loss in the efficiency of the hydride due to 
irreversible degradations of materials during 


hydrogenation/dehydrogenation processes. A good hydride material should 
have a hysteresis as small as possible. 


The width of the plateau, A(H/M),, as indicated in Figure 6.2, is defined as 


the reversible capacity, which is usually smaller than the maximum (ideal) 
storage capacity discussed earlier. This is an important parameter for 
practical applications. 


6.2.3 Hydrogenation and Dehydrogenation Kinetics 


The rates of hydrogen adsorption and desorption are two very important 
parameters for characterizing metal hydrides. These rates depend on the 
detailed hydrogen sorption kinetics, the sorption temperature, and pressure. 
Microscopically, this hydrogenation process involves several steps that can 
be described by Lennard-Jones potential as shown in Figure 6.4 [4]. When a 
hydrogen molecule approaches the metal surface, it encounters successive 
potential minima corresponding to molecular adsorption, atomic adsorption, 
and bulk absorption. It is first physisorbed on the surface of the metal due to 
van der Waals forces or electrostatic attraction. Such a weak interaction 
usually prevents significant absorption at room temperature. At high 
enough pressure and temperature, the adsorbed hydrogen molecule can be 
dissociated at the surface by transferring an electron between the metal and 
the hydrogen and becomes chemisorbed. This step may require thermal or 
catalytic activation due to the dissociation energy barrier. After surface 
chemisorption, the hydrogen atoms move to subsurface sites, rapidly diffuse 
through the material, and become a solution of H in the metal (a-phase, see 
Fig. 6.2). As the hydrogen concentration in the a-phase increases, a more 
stable metal hydride phase (6-phase) is formed. Such a phase transition is 
usually characterized by a crystalline structure change, a volume expansion, 
and a nucleation energy barrier associated with volume expansion and 
interface energy between the phases. Macroscopically, the detailed 
hydrogenation process can be divided in four different stages as shown in 
Figure 6.5 [5]. Initially, the hydrogen will adsorb on the metal surface and 
diffuse into the metal. At appropriate temperature, hydrogen starts to react 
with the metal to form metal hydride. The reaction starts at the surface of 
the metal, and propagates into the metal core. At the beginning, random 
hydride patches will be formed on the metal surface, similar to a nucleation 
process. With the progress of the reaction, the hydride patches will 


coalescence and form a hydride shell around a metal particle, and 
subsequent reactions will involve propagation of this hydride shell. The 
formation of the hydride shell also has another negative effect, that is, to 
impede the hydrogen diffusion from the atmosphere into the inner core of 
the particle (the hydrogen diffusion rate in metal is in general much faster 


than that in metal hydride). Therefore, multiple rate limit processes could 
determine the hydrogenation kinetics. 
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FIGURE 6.4 Potential energy curve for hydrogen binding to a metal: 
physisorption for both activated and nonactivated processes; dissociation 


and surface chemisorption; surface penetration and chemisorption on 


subsurface sites; and diffusion. Source: Reproduced with permission from Zuttel [3]. 
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FIGURE 6.5 Illustration of the four stages of hydrogenation process for a 
metal powder. (See color insert.) 


The kinetics of hydrogenation of metal hydride powder can be modeled 
using a single particle analysis (SPA) method based on the hydride shell 
propagation by neglecting the initial nucleation process (also ignoring the 
self-heating effect and volume expansion during the hydrogenation 
process). For simplicity, we only consider a spherical particle with radius R. 
If the reaction rate of the hydride shell is controlled by hydride formation, 
the shell will propagate with a constant velocity v, and the radius of metal 
core will shrink as, r(t) = r — vt. Thus, the volume fraction a of hydride in 
the particle shall follow [5]: 


For a hydrogen diffusion-controlled process, a is determined by [5]: 


4 2 
1—=a—(l—a)3 = 2kpt /r’, 
(6.8) - 
where kp is a parameter associated with hydrogen diffusion. Considering 


that there are different-sized (also shaped) powders in the real sample, one 
needs to take the particle size distribution f(r) into consideration. Thus, at 
time t, the total volume of metal hydride V, is given by [5]: 


V,(t)= T TEDi, 
(6.9) rain 3 


fy 
Therefore, the hydrogen content ?#‘') can be expressed as: 


‘x. V(t) xM, 
H ( t ) = = s 
(6. 10) Vo xMy + My 
where 
Vo = a Tr f(r)dr, 


is the total volume of the powder, and r,,;, is the minimum radius of the 
powder particles. 


For most practical cases, the hydrogenation process can be fit by the 
Avrami's model [6], 


(6.11) °= 1— exp(—fa"), 


where k is treated as the apparent reaction constant and n depends on the 
geometry and dimensionality of the reaction. The reaction rate k is 
thermally activated and follows the Arrhenius relation, 


+a 


k = k exp 
(6.12) 


NB 


where E, is the reaction activation energy and kg is the Boltzmann constant. 


The activation energy for adsorption and desorption may be different for the 
same metal hydride, depending on the structure, morphology, and catalyst 
used. To lower the activation energy, different catalysts are usually added to 
the metal hydride systems. 


6.2.4 Cycling Stability 


For practical applications, the ability of the metal hydride to retain its 
reversible storage capacity during repeated hydrogenation and 
dehydrogenation cycles is an important parameter to consider. Different 
applications may require different cycling times. For example, the 2015 
DOE storage target specifies 1500 cycles for a good hydrogen storage 
material [7]. There are intrinsic and extrinsic degradations governing the 
cycling stability of a metal hydride. The intrinsic degradation is caused by 
the physical and chemical changes of the metal hydrides during the cycling 
process. The degradation includes hydride decomposition into more 
thermally stable products, formation of defects and dislocations, loss of 
reversible storage capacity, and loss of material components during the 
cycling process. In particular, the decrepitation, a self-pulverization of 
metal hydrides into smaller powder due to volume change during cycling, 
not only will change the heat transfer and gas flow inside the storage tank, 
but also will induce tank rupture and affect the purity of the released 
hydrogen. These intrinsic degradation processes are irreversible. The 
extrinsic degradation is due to impurities in the H, gas during the 


hydrogenation process. Gas impurities, such as O5, CO, CO,, SO, H,O, 
H-S, NHs, hydrocarbons, formaldehyde, and formic acid, could react with 


and poison or corrode the metal or metal hydride surfaces, reducing 
hydrogen adsorption/desorption. If the hydrides are poisoned, the material 
could be regenerated by using high purity H, cleaning and high temperature 


annealing. 


6.2.5 Activation 


Usually, the surfaces of metals are covered by a layer of oxide, or adsorbed 
with a layer of gas or water vapor, which makes them hard to be 
hydrogenated. Such a hydrogen barrier layer must be broken or removed in 


order to accelerate the hydrogenation process. Thus, initial hydrogenation 
could be performed at high temperature and high hydrogen pressure in 
order to quickly reduce the surface oxide and remove surface adsorbents. 
The dehydrogenation will then proceed. Such a cycling process will be 
continued for several times until the hydrogenation/dehydrogenation 
processes become stable. Such an activation process is needed for most 
metal hydrides. 


6.3 Different Metal Hydrides 


The details of different metal hydrides and their properties can be found at 
U.S. DOE Database http://hydrogenmaterialssearch.govtools.us/. There are 
some very good recent books focusing on hydrogen storage materials by 
Broom (2011) [8], Hirscher (2010) [9], and Zuttel (2008) [10]. In the 
following, we briefly discuss some most promising metal hydride materials. 


6.3.1 Binary Metal Hydrides 


Binary hydrides contain only a single element of metal. They are generally 
either too unstable or too stable for use as practical storage materials. The 
most famous example for binary hydride is magnesium hydride, MgH,. It 
has attracted by far the most attention for binary hydrides due to its 
relatively high gravimetric density, 7.6 wt%, and it has already been 
demonstrated for onboard applications [11-13]. However, for bulk MgH,, 
there are two key drawbacks keeping it from real onboard applications: the 
hydrogen desorption temperature for MgH, being high, at 330°C, which is 
due to its high formation enthalpy, —74.5:kJ mol! H», and the slow kinetics 
near the ambient conditions [11, 14]. To improve the performance of MgH,, 
many different processes have been suggested. One particular method is to 
reduce the size of MgH, to nanometer scale through ball milling, and 
another way is to add catalysts. Figure 6.6 shows the desorption kinetics of 
MgH, powder with 0.1 mol% Nb,O,; catalyst after ball milling for different 
time durations [15]. The longer the milling time, the faster the desorption 
kinetics. Other notable binary hydrides include AIH3, LiH, and PdH,. AIH, 
has a very high gravimetric density, ~10.1 wt%, but the hydrogen 
desorption requires very high temperature. PdH, can adsorb and desorb 


hydrogen at relatively low temperature, but it is expensive and has low 
gravimetric density (0.6 wt%). 
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FIGURE 6.6 Desorption curves of MgH, at 573 K in vacuum with Nb,O-; 
catalyst and milled for 2, 5, 10, 20, 50, and 100 hours. Source: Reproduced 


with permission from Barkhordarian et al. [15]. 


6.3.2 Metal Alloy Hydrides 


When two or more metallic elements are combined and react with 
hydrogen, they form the ternary system AB,H,. Usually, the element A is a 
rare earth or an alkaline metal and can form a stable hydride, while element 
B is a transition metal and forms an unstable hydride. The resultant alloy or 
intermetallic compound tends to form a hydride of intermediate stability. 
Some well-known intermetallic compounds are with x = 0.5, 1, 2, and 5. 
Most intermetallics have low gravimetric density, and some require high 
sorption temperature. Therefore, they are not yet suitable for onboard 
applications. A well-studied AB; intermetallic is LaNis, which can form a 
hydride (LaNi;H,) under moderate hydrogen pressures and ambient 
temperatures (see Fig. 6.7) [16]. Its enthalpy of formation is 

-15.7 kJ-(mol-H)! and enthalpy of decomposition is —15.1 kJ-(mol-H) 4 
[8]. Its reversible gravimetric density is 1.25 wt% [17]. For all the AB; 
intermetallics, the gravimetric storage capacity is substantially lower than 


the current U.S. DOE target for mobile hydrogen storage applications. 
However, the AB; intermetallics have some remarkable cycling 
performance and high volumetric storage density, and are therefore a prime 
example of practically effective reversible hydrogen storage materials. 


FIGURE 6.7 Structure of LaNijH7. The sizes of the atom are declined 


from La, to Ni, to H. Source: Reproduced with permission from figure 2.52 in Sorensen 
[18]. (See color insert.) 


6.3.3 Complex Metal Hydrides 


Complex hydrides have the highest hydrogen storage density among all the 
metal hydrides. They are salt-like materials in which hydrogen is either 
ionically or covalently bound to the storage material. Complex hydrides 
have the chemical formula of A,B,H,, where A is the element in the first or 
second group of the periodic table, and element B is either aluminum, 
nitrogen, or boron. The corresponding complex hydrides are called alanates, 
nitrides, and borohydrides, respectively. These materials are recently under 
intensive investigation due to the discoveries of their reversible sorption 
capability [19, 20]. One specific example is sodium alanate (NaAIH,), the 


dehydrogenation of whcih involves two related reactions, 


(6.13) 3NaAlH, — Na, AIHs + 2Al +3H; at 210— 220°C 


(6.14) Na;AlH, — 3NaH + Al + 1.5 H, at 250°C. 


This process is irreversible and the desorption kinetics is also slow, which 
makes the material questionable for storage application. However, the 
discovery of the reversible sorption of NaAlH, by Bogdanovic and 


Schwickardi in 1997 by adding TiCl, into the structure has changed the 
view on complex metal hydrides.[19] Ti-doped NaAIH, can desorb 


hydrogen at 120°C, be rehydrogenated at 170°C, and has gravimetric 
density around 7.5 wt% [21]. The material has already been used in 
practical hydrogen storage units. 


6.3.4 Improving Metal Hydride Performance 


Although there are many advantages with using metal hydrides for onboard 
vehicle applications, two major problems prevent them from practical 
application: high adsorption/desorption temperature and slow kinetics. The 
strong chemical bonds (>50 kJ mol!) formed between hydrogen and metals 
in metal hydrides result in the high storage capacity and stability at room 
temperature, and also lead to an enormous energy release during the 
hydrogenation process. However, to release hydrogen, the hydride must be 
heated to high temperature in order to supply sufficient energy to break the 
strong chemical bonds. Thus, to obtain a destabilized hydride with small 
binding energy that is in thermodynamic equilibrium with the hydrogen gas 
closer to room temperature is the key to reducing the heat of formation 
which would in turn reduce the release temperature [22]. Figure 6.8 shows 
the range of binding energies EF, targeted by DOE. For metal hydrides, the 


binding energies are too high for chemisorption, while for carbon structures, 
metal organic frameworks, and so on, the binding energies are too low due 
to physisorption (<10 kJ-mol'). Therefore it is necessary to raise F,, for 
physisorbed materials, or lower E, for metal hydrides through 


thermodynamic destabilization. Since storage capacity remains a priority, it 
is important to achieve destabilization while minimizing the storage 
capacity reduction. Many different methods or processes have been 
developed to destabilize metal hydrides. Among them, to make metal 
hydride as nanometer-size crystals and to add nano-sized catalysts into 
metal hydrides have attracted the main attentions and also led to significant 
improvement for metal hydride performance. 
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FIGURE 6.8 Targeted range of bond strengths that allow hydrogen release 
around room temperature. A given material can exhibit both chemisorption 
and physisorption. Source: Reproduced with permission from Berube et al. [22]. 
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Previous studies on nanocrystalline metal hydrides have demonstrated the 
following potential advantages for hydrogen storage: 


1. Nanostructures Will Improve the Hydrogen Adsorption and Desorption 
Kinetics. Numerous experiments indicated that for all metal hydrides 
the kinetics of both adsorption and desorption can be improved by an 
order of magnitude simply by reducing the grain size of the metal [23— 
26]. For example, while it is very hard to activate and hydrogenate 
polycrystalline Mg films at 300°C, when the grain size is reduced to 30— 
50 nm, the Mg films absorb hydrogen more quickly [23-26]. Research 
performed on thin films of pure magnesium demonstrated that the 
thinner the magnesium sheet is, the faster it achieves complete 
formation of MgH, [27-29]. Similar results have been observed for 


other materials, such as Mg,Ni, FeTi, and LaNis, as well [23-26]. The 


crystalline structure of the resulting materials has been found to play a 
significant role. For instance, crystalline, amorphous, nanocrystalline, or 
the mixture of amorphous and nanocrystalline phases affect the 
thermodynamics of hydrogen adsorption for FeTi. In some cases, a 
partially amorphized alloy may result in a further increment of the 
hydrogen solubility [23—26]. It has been suggested that the grain 
boundaries play a critical role in improving the hydrogenation 
properties. 


2. Nanostructures Can Lower the Desorption Activation Energy. For 
example, theoretical calculations based on quantum chemistry have 


shown that small MgH, clusters have much lower desorption energy 
than bulk MgH, [30]. The hydrogen desorption energy decreases 
significantly when the crystal grain size becomes smaller than 1.3 nm. 


. Nanoscaled Catalyst Can Greatly Improve Hydrogen 

Adsorption. Effective catalysts, even added in small amounts, enhance 
the formation of a hydride to a reasonable extent. Small nanoscale 
catalysts distributed over the surface of nanocrystalline hydrides can 
result in a spectacular improvement of sorption properties, such as 
elimination of the need for activation and overall improvement of 
sorption kinetics [23—26]. Previous experiments have shown that with 
proper catalysts, the activation time for LaNis nanocrystalline film to 


absorb hydrogen can be eliminated [25]. Therefore, by eliminating the 
need for activation, the combination of nanostructure and nanocatalysis 
yields a tremendous gain in sorption kinetics. 


. Nanocomposites Can Further Improve the Quality of Hydrogen 
Adsorption. A specifically designed nanocomposite, where both 
nanostructure and nanocatalyst can be incorporated into a more complex 
system, can have properties surpass that of the individual components 
alone. For example, a composite of a nano-mixture of a high 
temperature hydride (Mg) with a low temperature hydride (FeTi, or 
LaNi.) can be used for “cold-starting.” [25]. Or the “cascade” of 
components can be operated at various temperatures and hydrogen 
pressures. Doping of nanostructures with metal ions such as Ti?*/“* is 
another useful method to improve the hydrogen storage properties of the 
nanostructures [25]. 


As an example, Figure 6.9 shows a 4.6 at% vanadium decorated Mg 
nanoblade structure made by oblique angle deposition [31]. The blade 
thickness is about 65 nm, and the height is about 50 um. The hydrogen 
sorption kinetic curves at various temperatures (T < 570 K) are also plotted. 
The reversible hydrogen amount is less than 6 wt%, which is slightly lower 
than the theoretical value 7.6 wt% of MgH,. The V-decorated Mg 


nanoblades can absorb hydrogen to saturation within 7 minutes at 570 K 


with a rate constant of k ~ 131 h™t. The hydrogenated nanoblades can 
desorb hydrogen almost completely within 15 minutes at 570 K with 


k = 26 ht. By plotting the obtained rate constant k versus reciprocal 
temperature 1/T in Figure 6.10, the activation energy is estimated to be 
Eè = 35.0£1.2kJ-(mol-H2)"' for absorption process and Æ =65.0£0.3KI for 
desorption process. These activation energies are much lower than the 
desorption energy of 141 kJ-(mol-:H,) ! for MgH, film [32] and 

156 kJ ‘(mol-H,) ! for MgH, powder [33], indicating the catalytic effect of 


the V coating on the MgH, formation and decomposition. 
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FIGURE 6.9 (Left) SEM image of the Mg nanoblades, and (right) the 
sorption curves of (a) hydrogen absorption under a hydrogen pressure of 10 
bar and (b) hydrogen desorption under vacuum at varying temperatures for 
V decorated Mg nanoblade ar ray. Source: Reproduced with permission from He et al. 
[31]. 
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FIGURE 6.10 Arrhenius plots of hydrogen absorption and desorption rate 
constant k versus reciprocal temperature 1/T for V-decorated Mg 
nanoblades. Source: Reproduced with permission from He et al [31]. 


However, the fundamental understanding of how those nanostructures 
improve the thermodynamics and kinetics of metal hydrides is still under 
debate, although some consensuses have been reached. In the past 5 years, a 
number of research groups have conducted extensive experimental and 
theoretical research toward such an understanding. We summarize the main 
results and challenges from those studies following the arguments by the 
MIT groups [22, 34]: 


1. The Effect of Nanostructure on the Thermodynamics of 
Hydriding/Dehydriding of Metal Hydrides. Four potential factors could 
be account to affect the thermodynamics of hydrogen storage process: 
the presence of a metastable phase, nanostructure size (surface area), 
stress/strain at the grain boundary, and excess volume in deform 
regions. 


a. New chemical species can be introduced to react with metal and 
form an intermediate state. This can alter the formation path of 
metal hydride, and potentially reduce the heat of formation [22, 35]. 
Strictly speaking, this effect is not limited to nanostructures. 


b. The size of the metal nanostructure could also have an effect on 
lowering the heat of formation [22]. Smaller size means more 
surface energy. If the surface energy of the hydride layer is larger 
than that of the metal, due to the extra energy deposited on the 
surface, the heat of formation will be reduced [22, 36]. Calculations 
show that in order to achieve a significant reduction of the heat of 
formation, for Mg, the nanoparticle's diameter should be smaller 
than 2 nm [22, 36]. 


c. The grain boundaries caused by mismatched crystal plane 
orientation could also supply extra energy for lowering the heat of 
formation [22]. According to a conservative estimate, for grain size 
on the order of 7—9 nm, the maximum reduction in the heat of 
formation is about 9-10 kJ-mol! [35]. This reduction cannot 
explain large enthalpy changes observed in experiments. 


d. The most probable enthalpy reduction cause may be the excess 
volume effect. In heavily milled metal hydride samples, it is likely 
that noncrystalline regions arise and the material is deformed. These 
deformations could be gathered around grains or particles surfaces. 
The resulting lattice distortions will change the energy level of the 
metal and hydride and therefore could explain the formation 
enthalpy change [35]. 


2. The Effect of Nanostructure on the Kinetics of Metal 
Hydriding/Dehydriding. The kinetic process of hydrogen storage 
comprises several steps: the dissociation and penetration of hydrogen at 
the interface, the formation of metal hydride with moving boundary, the 
diffusion of hydrogen, along with the heat dissipation and stress/strain 
change. As the hydrogenation reaction progresses, the rate limiting 
process changes from the dissociation and penetration of hydrogen at 
the interface to the nucleation of the B-phase, and finally to the diffusion 
of hydrogen through the B-phase layer formed around the particle (see 
Figure 6.5). For the desorption process, the main rate limiting processes 
are the slow diffusion through the f-phase layer and the high hydrogen 
dissociation energy barrier. The absorption kinetics is accelerated by the 
high reaction rate, the large diffusion coefficient, and the small diffusion 
length, that is, small particle size. By engineering metal hydrides into 
nanostructures, the increased surface area and porosity of nanostructures 


can offer a larger number of dissociation sites and allow fast gaseous 
diffusion to the center of the material [22]. If the nanostructures 
accompany with increased volume of grain boundaries, those grain 
boundaries will weaken the binding between metal and hydrogen atoms, 
which helps the site-to-site hopping for hydrogen and enhances 
diffusion in the a-phase. Thus, as nanostructures favor the 
thermodynamics of hydrogen absorption, they also improve the kinetics. 
Several experiments have already demonstrated that the hydrogen 
diffusivity increases with decreasing particle size [37, 38]. The grain 
boundaries and internal strains in nanostructures also promote a fast 
kinetics [22]. In addition, the kinetics can be dramatically improved by 
a process known as spillover through the use of a proper surface catalyst 
on the metal surface as shown in Figure 6.11 [22]. In the spillover 
process, the hydrogen molecule is dissociated on the metal catalyst, and 
the resulting hydrogen atom diffuses to the surrounding storage media. 
Such a process can also make the diffusion through the surface 
insensitive to the oxide layer, which prevents the need for an activation 
process and increases the resistance to contaminants and air exposure. 
In addition, as shown in Figure 6.5, the later kinetics of the 
hydrogenation process is governed by the diffusion of hydrogen atom 
through the -phase layer formed around the particle. Since the 
hydrogen diffusion rate in the B-phase can be significantly smaller than 
that in the a-phase, minimizing this effect could promote faster kinetics. 
Figure 6.12 shows that for a sufficiently small particle, a closed B-phase 
layer may not be formed, so that the hydrogen atoms could have fast 
pathways to access the particle core during the hydrogenation reaction 
or leave the core upon the dehydrogenation reaction [22] 


FIGURE 6.11 The spillover mechanism: the hydrogen molecules 
dissociate on the catalyst. Some hydrogen atoms remain attached to the 
catalyst, while others diffuse to the catalyst support and subsequently 
penetrate into the metal, where the hydrogen is said to spill over and 
interact directly with the metal. Source: Reproduced with permission from Berube 
et al. [22]. 
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FIGURE 6.12 Comparison of the hydrogenation and dehydrogenation 
of a large and a small particle: (a) for hydrogenation in a large particle 
(upper raw), multiple nucleation sites at the surface will merge and form 
a closed layer that prevents fast diffusion of hydrogen to the core of the 
particle, slowing down the kinetics of the a- to B-phase transition 
considerably. If the particle is small (lower raw), fast diffusion of the 
hydrogen through the a-phase remains possible for a larger fraction of 
the a- to B-phase transition and (b) for desorption in a large particle 
(upper raw), hydrogen has to diffuse through a thicker layer of the p- 
phase before being released, while hydrogen rapidly reaches the surface 
for a smaller particle (lower raw). Source: Reproduced with permission from 
Berube et al. [22]. 


6.4 Hydrocarbons for Hydrogen Storage 


As discussed in Chapter 2, hydrocarbons are organic compounds that 
contain hydrogen and carbon atoms. In principle, hydrocarbons could be 
used for hydrogen storage. In practice, this is quite challenging, since 
hydrocarbons are generally very stable under ambient conditions, and the 
release of hydrogen from hydrocarbons is a highly endothermic process. 
High temperature steam reforming is a common process for hydrogen 
generation from hydrocarbons, as discussed in detail in Chapter 2. 


Upon hydrogen release, either carbon (C) or carbon dioxide (CO,) is 
produced as a by-product. For the purpose of hydrogen storage, it would be 
necessary to hydrogenate carbon or CO, back to hydrocarbons if a 
sustainable and recyclable system is needed. The reaction of hydrogen with 
either carbon or CO, is complex and requires special conditions, such as 
high pressure and high temperature or assistance with catalysis. In the next 
section, we will discuss the two reactions separately. 


6.4.1 Reaction between Carbon Atom and Hydrogen 


This seemingly simple reaction is in reality quite complex. Interestingly, the 
study of the reaction between C and H or H; is very limited to date, partly 


due to the need to produce C and H in a well-controlled environment. One 
of the earlier studies found that the main products of the reaction between 
carbon vaporized in a high intensity arc reactor operating at 2800 K and 
hydrogen passing through the arc were acetylene, hydrogen, and condensed 
carbon when the hot reaction mixture was sampled under fast-quenching 
conditions [39]. Acetylene contents as high as 18.6 V% at 1 atm in the 
quenched gas were obtained without diluent, and as high as 23.8 V% with 
63.6% helium diluent. It was suggested that the CH radicals existed in the 


hot gas mixture in appreciable concentrations, which were generated from 
dissociation of C,H, resulting from the reaction between carbon and 


hydrogen. The reaction products were sensitive to both pressure and 
temperature, as shown in Figure 6.13. In another study, a thermally 
produced beam of atomic hydrogen was reacted on a carbon target at 
temperatures between 30 and 950°C [40]. The reaction products isolated on 
a liquid helium finger and analyzed by gas chromatography were found to 
be mostly CH, with a small amount of C,H, and C3Hg. The content of 


formed hydrocarbon increased with temperature. 
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FIGURE 6.13 Equilibrium diagram of the C + H, system at 1 atm 


pressure. Source: Adapted with permission from Baddour and Iwasyk [39]. (See color 
insert.) 


A more recent study examined the interaction between carbon and 
hydrogen atoms on a Ru(0001) surface using scanning tunneling 
microscopy (STM), density functional theory (DFT), and STM image 
calculations [41]. Formation of CH species by reaction between the 
adsorbed H and C was observed to occur readily at 100 K. When the 
coverage of H was increased, new complexes of the form of CH + nH 

(n = 1, 2, 3) were observed. These complexes were suggested as possible 
precursors for further hydrogenation reactions. DFT analysis indicated a 
considerable energy barrier for the CH + H > CH) reaction. 


FIGURE 6.14 STM images (4 x 4 nm?) of Ru(0001) acquired at T = 6 K. 
(a) Surface containing approximately 0.03 mL of C prepared by segregation 
from the bulk. The C atoms appear as depressions (black spots). (b) After 
introducing H atoms (from water dissociation in this experiment), C is 
converted to CH (bright protrusion surrounded by a dark ring). A similar 
transformation occurs with H obtained from H, dissociation. Individual 


nonreacted H atoms appear as smaller dark spots. Tunneling condition in (a) 
is Veample = 90 mV and I, = 295 pA, and (b) Veampie = 9 mV and I, = 495 pA. 
The total z scale is adjusted to be 50 pm in both images. Source: Reproduced 


with permission from Shimizu et al. [41]. 


6.4.2 Reaction between Solid Carbon and Hydrogen 


The reaction between carbon atom and hydrogen atom or molecule serves 
as a first step toward understanding reaction between solid carbon materials 
such as graphite, graphene, carbon nanotubes, and fullerenes. The 
interaction between hydrogen and solid carbon materials can vary from 
physical (weak) to chemical (strong) in nature. This topic will be addressed 
partly in Chapter 7, which focuses on various physical storage materials 
including carbon-based materials. 


In this section, we will address briefly chemical reactions between solid 
carbon materials and hydrogen. While the detailed structures of the carbon 
materials can vary substantially, the fundamental chemistry for their 
reaction with hydrogen is similar. As an example, the reaction of single- 
walled carbon nanotubes (SWNTs) with hydrogen gas studied in the 
temperature range of 400—550°C and at hydrogen pressure of 50 bar 
showed that hydrogenation of nanotubes was observed for samples treated 
at 400—450°C with about 1/3 of carbon atoms forming covalent C—H bonds, 
whereas hydrogen treatment at higher temperatures (550°C) occurred as an 


etching process, which was associated with the formation of light 
hydrocarbons [42]. The etching reaction of hydrogen on the edges of 
nanotubes was preferable compared with direct etching of the nanotube 
wall and starts at lower temperatures (400—450°C). Small hydrocarbon 
molecules such as CH, could be formed, especially at higher temperatures 
like 550°C. The reactions were likely facilitated by Fe nanoparticles that 
acted as catalysts for hydrogen dissociation. While this example 
demonstrates that it is possible to produce hydrocarbons from reactions of 
solid carbon such as CNTs with hydrogen, it is unclear yet if such reactions 
can become practically useful in storing hydrogen. Further studies are 
needed to understand the yield, mechanism, kinetics, and energy balance. 


6.4.3 Reaction between Carbon Dioxide and Hydrogen 


CO, is usually the major by-product of hydrogen release or generation from 


hydrocarbons, as discussed in Chapter 2. In order to recycle or reuse the 
carbon, it would be ideal to hydrogenate the CO, back to hydrocarbons. 


This is a demanding task, similar to hydrogenation of carbon directly. 
However, in principle, this can be accomplished, usually assisted with 
catalysis. Products of reaction between CO, and hydrogen include 


hydrocarbons such as methane and alcohols, for example methanol. An 
excellent review on this topic has appeared recently [43]. The basic steps 
for catalytic hydrocarbon generation involve conversion of CO, into CO 


followed by dissociation of CO into C and O and finally step-wise 
attachment of H to C. However, the detailed reaction mechanisms and 
intermediates are still not well understood, despite extensive studies. 

For example, hydrogenation of CO, into CO is an important first step 
towards CO, reduction and hydrogen storage. This can be accomplished via 
the reserve water gas shift (RWGS) reaction: 


(6.15) CO, +H, = CO +H20, AHoosk = 41.2 kJ-mol™. 


This reaction is effective mainly with assistance of catalysts, such as 
Ni/CeO,, and supported Cu, Fe, Pt, Ru, and Rh. The reaction mechanism 
has been examined extensively for Cu-based catalysts, which in itself is still 
controversial [43]. Two major mechanisms have been proposed: redox and 


formate decomposition. The redox mechanism is modeled by the following 
reactions: 


(6.16) CO2 + 2Cu” — Cu,0 


(6.17) H, +Cu,0 — 2Cu” + H,0. 


Cu? atoms are active in CO, dissociation and the reduction of the oxidized 


Cu catalyst has to be faster than the oxidation process. Hydrogen is 
proposed to be the reducing reagent without direct participation in the 
formation of intermediates [44]. The second model based on formate 
decomposition suggests that CO is formed from decomposition of formate 
intermediates derived from the association of hydrogen with CO, [45,46]. 


Different mechanisms have been proposed for the reaction with Pd- or Pt- 
based catalysts. For example, in a study involving Pd/Al,O3 catalysts and 


supercritical mixture of CO, and Hp, the formation of surface species such 
as carbonate, formate, and CO has been indicated based on infrared spectra 
[47]. 

Another important relevant reaction is methanation of CO,, which is 
thermodynamically favorable with AG5og x = —130.8 kJ-mol!: 


(6.18) CO, + 4H2 > CH, + 2 H20, AHos x = 252.9 kJ-mol™. 


This reaction is ideal since it produces CH,, which can be easily used with 
current infrastructure and the by-product is water. The reaction is kinetically 
limited because it requires eight electrons to fully oxide carbon in CO, to 
methane, which requires catalysts to achieve acceptable rates and 
selectivities [48]. Common catalysts for this reaction include Ni, Ru, and 
Rh supported on various oxides such as SiO», TiO, Al,O3, and CeO}. 
Figure 6.15 shows representative TEM and EDS images of Pd—Mg/SiO, 
catalysts [48]. The results show that the as-synthesized Pd—Mg/SiO, 
catalyst after calcination at 550°C in air for 6 hours contains well-dispersed 
electron-dense particles identified as containing Pd by EDS within a matrix 
of less dense, noncrystalline silica shells, with a certain degree of 


aggregation of Pd particles. After reaction with CO, and hydrogen for 10 


hours, the particles remain well dispersed even though more larger Pd 
particles appeared, indicating sintering of some particles that are probably 
not fully encapsulated by the Mg/Si oxide. 
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FIGURE 6.15 Images obtained by TEM of the Pd-Mg/SiO, catalyst (a) 


before, and (b) after reaction with respective particle size distributions 
determined from 100 electron-dense particles. EDS results from the regions 
indicated in the TEMs are shown with the elemental distributions, (c) and 
(d). Reproduced with permission from Park and McFarland [48]. 


The reaction mechanism is still not well established and the proposed 
mechanisms fall into two general categories. The first one involves the 
conversion of CO, to CO before methanation [49-51], while the second one 
involves direct hydrogenation of CO, to methane without forming CO as an 
intermediate [52, 53]. Even for mathanation of CO, there is no consensus on 
the kinetics and mechanism. It has been suggested that the rate-limiting step 


is either the formation of a CH,O intermediate and its hydrogenation or the 


formation of surface carbon via CO dissociation and its interaction with 
hydrogen [51, 54]. 


To gain insight into the reaction mechanism, it is useful to determine 
reaction intermediates. For instance, kinetic studies based on steady-state 
transient measurements conducted on Ru/TiO, catalyst have identified 
several reaction intermediates [50]. Hydrogenation of CO as a key 
intermediate leads to methane formation. Formates, as intermediates for CO 
formation, are bound strongly on the support in equilibrium and become 
active species at the metal and support interface. A proposed mechanism for 
the formation of the formate thorough a carbonate species is shown in 


Figure 6.16. 
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FIGURE 6.16 Schematic illustration of the CO, methanation process via 


hydrogenation. S stands for the support, M for the metal, and I for the 
metal-support interface. Source: Adapted from Marwood et al. [50]. 


Similarly, other hydrocarbons can be produced based on reaction between 
CO, and hydrogen. The reactions are often divided into two categories: 


methanol mediated and nonmethanol mediated. In the methanol-mediated 
approach, CO, and H, react over Cu-Zn-based catalysts to produce 


methanol, which is subsequently converted into other hydrocarbons such as 
gasoline. Light alkanes are usually generated as major products due to 
further catalytic hydrogenation of the alkenes. In the nonmethanol-mediated 
approach, CO, hydrogenation proceeds in two steps: RWGS reaction, 


which converts CO, into CO, and then the Fisher—Tropsch (FT) reaction, 
which converts CO into hydrocarbons via further hydrogenation. 


For direct methanol generation from CO, hydrogenation, the reaction is 
given as: 


(6.19) CO2 +3 H2  CH30H + H:O AH ask =—49.5 kJ - mol". 


Based on thermodynamics, a decrease in temperature and an increase in 
pressure would favor methanol formation. By-products for methanol 
synthesis include CO, hydrocarbons, and higher alcohols. Thus, a highly 
selective catalyst is needed to avoid the formation of undesired by-products 
for methanol synthesis. Among the many metal-based catalysts, Cu remains 
the primary active catalyst component, together with various modifiers, 
such as Zn, Zr, Al, Ce, Si, Ti, B, and Cr. The catalysts are usually dispersed 
on oxide supports, such as ZnO and ZrO;, which can play an important role 


in the reaction by affecting the formation and stability of the catalysts, as 
well as interaction between catalysts and promoters. Methanol selectivity is 
strongly dependent on the specific catalysts and supports used, and in some 
cases, near 100% selectivity is reached [55]. Despite extensive studies, the 
reaction mechanism of methanol synthesis is still not well understood. One 
model suggests that the reaction is occurring at the interfaces of Cu and 
oxides with CO, adsorbed on the oxides and H, dissociating on Cu [56]. 


6.5 Summary 


Metal hydrides represent one of the most promising materials for hydrogen 
storage. They usually have very high volumetric density but low 
gravimetric density. The advantages of metal hydrides include low pressure 
hydrogen adsorption and storage, as well as less rigorous requirement for 
containers. However, the thermodynamics and kinetics of metal hydrides 
present the greatest challenges since the formation of metal hydride and 
dehydrogenation process involve the formation or breaking of metal— 
hydrogen bonds. In most cases, high temperatures around 120-—300°C are 
required to release the hydrogen, and the hydrogen adsorption and 
desorption rates are very slow. Sometimes, metal hydrides with high 
hydrogen content cannot adsorb and desorb hydrogen reversibly. Therefore, 


searching for new lightweight metal hydrides and tuning their 
thermodynamic and kinetic properties are the main research directions in 
this field. 


As on the possibility of using hydrocarbons as a means for hydrogen 
storage, it is clear that while the potential exists, it is uncertain how 
effective this can be on a large scale. Further research is needed to better 
understand the reaction mechanisms as well as engineering issues for 
practical applications. This approach still involves CO,, which is an 


environmental concern, but is attractive since hydrocarbons can be handled 
easily using existing infrastructures. 
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7 
Physical Storage Using Nanostructured and 
Porous Materials 


7.1 Physical Storage Using Nanostructures 


Besides compression, liquification, and chemical storage, hydrogen can also 
be stored based on physical absorption using various carbon-based or 
noncarbon-based materials. Nanostructured materials are particularly 
attractive due to their large surface-to-volume ratio. Nanomaterials used for 
hydrogen storage based on physisorption include carbon nanostructures, 
organic polymers, inorganic nanostructures, and composite structures. For 
ease of discussion, we will divide them into two categories: carbon based 
and noncarbon based, and discuss each separately next. 


Figure 7.1 shows schematic summary of some of the different physical 
storage methods as compared with chemical storage. For storage based on 
physisorption, large surface area is critical. Nanostructured materials are 
therefore ideally suited for such purpose. 
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FIGURE 7.1 Hydrogen storage density in physisorbed materials, 
metal/ complex, and chemical hydrides. Source: Reproduced with permission from 
Niemann et al. [1]. (See color insert.) 


7.1.1 Carbon Nanostructures 


Carbon nanostructures, particularly carbon nanotubes (CNTs), fullerenes, 
nanofibers, and, more recently, graphenes, have been studied for hydrogen 
storage [1, 2]. They are attractive due to a combination of good adsorption 
ability, high specific surface area, porous microstructure, and low mass 
density. The actual mechanism of hydrogen storage is still not well 
understood, but is considered to involve either physisorption via van der 
Waals attractive forces or chemisorption via strong interaction or bonding 
between hydrogen and carbon atoms. Physisorption of hydrogen limits the 
hydrogen-to-carbon ratio to less than one hydrogen atom per two carbon 
atoms (i.e., 4.2 mass %), whereas chemisorption allows a higher hydrogen 


to carbon ratio, with the ratio of two hydrogen atoms per one carbon atom 
reported in the case of polyethylene [3, 4]. Physisorbed hydrogen has a 
binding energy normally on the order of 0.1 eV, while chemisorbed 
hydrogen has C-H covalent bonding, with a binding energy of more than 2— 
3 eV. 


The first report of hydrogen storage using carbon nanotubes appeared in 
1997 [5], which stimulated significant interest in this topic. Both single- 
walled and multiwalled CNTs have been studied, with hydrogen storage 
values between 0.25 and 56 wt% reported under various experimental 
conditions [2]. The very high values reported (30—60 wt%) have been 
questioned and were later considered as possibly the result of measurement 
errors. However, storage capacity of a few wt% is still considered as 
potentially useful. Very recently, the hydrogen storage capacities have been 
reported at ambient temperature to be 1.7, 1.85, 3.0, and 2.0 wt% for 
double-wall CNTs (DWCNTs) loaded with 1, 1.0, 2.0, and 3.0 wt% Pd, 
respectively [6]. The hydrogen storage capacity can be enhanced by loading 
with Pd nanoparticles and selecting a suitable content, and the sorption was 
attributed to the chemical reaction between the atomic hydrogen and the 
dangling bonds of the DWCNTs. Figure 7.2 shows TEM bright-field 
micrographs of loaded and unloaded DWCNTSs with different weight 
percentage of Pd and corresponding selected area electron diffraction 
patterns. In another study, Pt decoration, in conjunction with acidic etching, 
was found to substantially enhance hydrogen storage to a capacity of about 
2.7 wt% [7]. It was suggested that the acidic etching increased the surface 
defect density and led to opening up the caps of CNTs, resulting in an 
increase in the active adsorption site for physical sorption of H while the Pt 


nanoparticles promoted chemical sorption of hydrogen via spillover 
mechanism that involves additives (e.g., Ru, Pt, and Pd) that act as catalysts 
for dissociation of hydrogen molecules to hydrogen atoms, which move 
from the catalytic sites to the surface of CNTs and finally become adsorbed. 


100nm 


TEM bright-field micrographs of loaded and unloaded 
DWCNTs: (a) pristine DWCNTs; (b) 1 wt%Pd/DWCNTs; (c) 
2 wt%Pd/DWCNTs; and (d) 3 wt%Pd/DWCNTs, with insets in (b), (c), and 
(d) showing the corresponding selected area electron diffraction patterns. 


Source: Reproduced with permission from Wu et al. [6]. 


Fullerenes are molecules composed entirely of carbon, in the form of 
hollow spheres, ellipsoids, or tubes. CNTs discussed earlier belong to the 
family of fullerenes with cylindrical shapes, also called buckytubes. A 
special spherical fullerene structure with 60 carbon atoms is called 
buckminsterfullerene or buckyball, as it resembles the ball used in football 
(soccer) [8]. Buckminsterfullerene or Ceo has a cage-like fused-ring 


structure (truncated icosahedron), made of 20 hexagons and 12 pentagons, 
with a carbon atom at each vertex of each polygon and a bond along each 
polygon edge. It has been considered as a potential hydrogen storage 
material because of its ability to react with hydrogen via the C=C double 
bonds. Theoretically, Cgj7H¢q can be formed that would correspond to a 


hydrogen content of ~7.7 wt% [1]. Experimentally, this is challenging to 
realize due to the requirement of very high temperature, about 823-873 K 


[9]. Strategies have been developed to overcome the challenge, including 
doping of Cgo using metal atoms such as Li [10-13]. One example is the 


recent work on Li-doped fullerene (Li,—C¢9—H,) that is capable of 


reversibly storing hydrogen through chemisorption at elevated temperatures 
and pressures [13]. This system is unique in that hydrogen is closely 
associated with lithium and carbon upon rehydrogenation of the material 
and that the weight percent of H, stored in the material is closely linked to 


the stoichiometric ratio of Li : Cg, in the material. Under optimized 
conditions, a Li-doped fullerene with a Li : Cg) mole ratio of 6: 1 can 
reversibly desorb up to 5 wt% H, with an onset temperature of ~270°C, 


which is significantly lower than the desorption temperature of 
hydrogenated fullerenes (Cg jH,) and pure lithium hydride (decomposition 


temperature 500-600 and 670°C, respectively). However, the Li,—Cg 9-H, 


system still suffers from the same drawbacks as typical hydrogenated 
fullerenes (high desorption temperature and release of hydrocarbons) 
because the fullerene cage remains mostly intact and is only slightly 
modified during multiple hydrogen desorption/absorption cycles. 


Graphene, a substance made of pure carbon with atoms arranged in a 
regular hexagonal pattern similar to graphite but in a one-atom thick sheet, 
has been considered for hydrogen storage as well, even though the studies 
have been limited so far. It potentially can have a very high hydrogen 
storage density. Graphene has been converted into graphane reversibly 
using a stream of hydrogen atoms, and graphane can release the stored 
hydrogen by heating at 450°C [14]. In particular, recent experimental 
studies have found that doping or composite structures of graphene or 
graphene oxide (GO) with metal or nonmetal elements or nanoparticles can 
substantially improve their hydrogen storage capacity [15-17]. For 
instance, a high hydrogen storage capacity for Pd decorated, N-doped 
hydrogen exfoliated graphene nanocomposite is demonstrated under 
moderate temperature and pressure [15]. Figure 7.3 shows 
pressure—composition isotherms of N-doped hydrogen exfoliated graphene 
(N-HEG) and Pd-decorated H-HEG (Pd—N—HEG) in the temperature range 
25-100°C and 0.1-4 MPa pressure. An increase of 66% is achieved by N- 
doping in the hydrogen uptake capacity of hydrogen exfoliated graphene at 
room temperature and 2 MPa pressure, with a further enhancement by 


124% attained in the hydrogen uptake capacity by Pd nanoparticle 
decoration over N-doped graphene. The high hydrogen uptake capacities 
obtained was attributed to interplay between the catalyst support and 
catalyst particles. Similarly, enhanced hydrogen storage capacity of pristine 
graphene nanoplatelets has been found by others and attributed to an 
increase in the hydrogen spillover effect and the binding energy between 
metal nanoparticles and supporting material facilitated by nitrogen doping. 
[18] 
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FIGURE 7.3  Pressure—composition isotherms of (a) N-doped hydrogen 
exfoliated graphene (N-HEG) and (b) Pd-decorated H-HEG (Pd—N—HEG) 
in the temperature range 25-100°C and 0.1-4 MPa pressure. Source: 


Reproduced with permission from Parambhath et al. [15]. 


Several recent theoretical or computational studies have also found that 
chemical doping or nanocomposite can improve the hydrogen storage 
performance of graphene or GO [19-22]. For example, detailed first- 
principles calculations based on density functional theory have been carried 
out on graphene with Li atoms with the objective to determine how the Li 


coverage pattern affects the hydrogen storage capacity [22]. Results indicate 
that hydrogen storage capacity can be increased to 16 wt% by adjusting the 
coverage of Li atoms on graphene to the (root 3 x root 3) pattern at both 
sides. This study demonstrates the importance of the details of the surface 
coverage of the metal atoms as well as the potential of metal-modified 
graphene for hydrogen storage. 


Carbon nanofbers (CNFs) are cylindric carbon-based nanostructures with 
graphene layers arranged as stacked cones, cups, or plates. Carbon 
nanotubes discussed earlier are nanofibers with graphene layers wrapped 
into perfect cylinders. Similar to other carbon nanostructures, CNFs have 
been studied for hydrogen storage with encouraging results. For example, 
CNFs synthesized by a catalytic pyrolysis method can store 4 wt% or 
higher of hydrogen, similar to CNTs [23]. Similarly, turbostratic CNFs with 
a rough surface, open pore walls, and a defect structure, produced by the 
thermal decomposition of alcohol in the presence of an iron catalyst and a 
sulfur promoter at 1100°C under a nitrogen atmosphere in a vertical 
chemical vapor deposition reactor, showed hydrogen storage capacities 1.5 
and 5 wt% for the as-produced and exfoliated forms, respectively [24]. The 
defects on the surface and expandable graphitic structure are considered 
important to increasing the hydrogen uptake. In a more recent study that 
compares the hydrogen adsorption capacity of different types of carbon 
nanofibers (platelet, fishbone, and ribbon) and amorphous carbon measured 
as a function of pressure and temperature, more graphitic/ordered carbon 
materials have been found to adsorb less hydrogen than the more 
amorphous ones, and functionalization (oxygen surface group 
incorporation) and Ni-modification considerably improve the hydrogen 
adsorption capacity [25]. Figure 7.4 shows representative TEM images of 
parent carbon materials: (a) amorphous carbon, (b) ribbon CNFs, (c) 
platelet CNFs, and (d) fishbone CNFs. The functionalization helps the 
development of pores and accessibility of internal surface while Ni- 
modification enhances the spillover effect, which involves the initial H, 


adsorption and dissociation (metal catalyzed process) followed by the 
dissociated H migration through the metal and its anchorage to the 
carbonaceous structure [26]. 


10 nm 


Representative TEM images of parent carbon materials: (a) 
amorphous carbon, (b) ribbon CNFs, (c) platelet CNFs and (d) fishbone 


CNEs. Source: Reproduced with permission from Jimenez et al. [25]. 


Activated carbon (AC) is a highly porous, modified synthetic carbon that 
contains crystalized graphite and amorphous carbon with a high specific 
surface area. It is potentially useful for hydrogen storage due to its low cost 
and accessibility on a commercial scale [27]. For hydrogen storage, the rate 
and capacity of the activated carbon are influenced by its morphology and 
shape, that is, powder, fiber, and granular. For conventional AC, the 
hydrogen update is proportional to its surface area and pore volume, and 
high adsorption capacity is only achieved at very low cryogenic 
temperature and high pressure. Various types of commercial and modified 
AC have been extensively studied. For example, the capacity of hydrogen 
storage has been studied for electrospun-activated carbon fibers prepared by 
electrospinning and chemical activation based on the comparison with other 
carbon materials such as active carbon, single-walled carbon nanotube, and 
graphite [28]. The hydrogen adsorption capacity of chemically activated 
electrospun carbon fiber is better than that of other porous carbon materials, 
which is attributed to the optimized pore structure of electrospun-activated 


carbon fibers that might provide better sites for hydrogen adsorption than 
other carbon materials. Figure 7.5 shows some representative SEM images 
of several electrospun-activated carbon fibers, which all exhibit highly 
uniform diameters. 
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SEM images of different electrospun-activated carbon 
fibers. Source: Reproduced with permission from Im et al. [28]. 


In another study, ultrahigh surface area carbons (3000-3500 m?-g"') have 
been obtained via chemical activation of polypyrrole with KOH and the 
carbon materials exhibit large pore volumes (up to similar to 2.6 cm*-g +) 
and possess two pore systems: one of pores in the micropore range (similar 
to 1.2 nm) and the other in the small mesopore range (2.2—3.4 nm) [29]. 
Tuning of the carbon textural properties through the control of the 
activation parameters (temperature and amount of KOH) led to the 
generation of activated carbon that exhibits excellent hydrogen storage 
capacity of up to 7.03 wt% at -196°C and 20 bar, which is the highest ever 
reported for one-step ACs and among the best for any porous material. The 
gravimetric hydrogen uptake of the carbons translates to a very attractive 
volumetric density of up to 37 g H,:L’! at 20 bar. These carbons exhibit 


excellent gravimetric and volumetric capacity due to the fact that their high 
porosity is not at the detriment of packing density. 


In a very recent study, the effect of Pd nanoparticle doping of AC on 
hydrogen storage capacity has been studied [30]. Three ACs with an 
apparent surface area ranging from 2450 to 3200 m?/g were doped with Pd 
nanoparticles at different levels within the range 1.3—10.0 wt%, and their 
excess hydrogen storage capacities were measured at 77 and 298 K at 
pressures up to 8 MPa. The hydrogen storage properties depend linearly on 
Pd content when hydrogen storage is carried out at 298 K and at pressures 
up to 1 MPa. At higher pressures, hydrogen storage depends on 
microporous volume so Pd addition does not bring capacity enhancement. 
Hydrogen storage at 77 K fundamentally depends on the specific micropore 
volume and consequently, Pd doping decreases hydrogen storage capacities 
by decreasing the specific micropore volume available for physisorption. 


Other carbon-related but not pure carbon-based nanomaterals for hydrogen 
storage include pristine and modified polymers or composite structures 
involving organic polymers and metal-doped polymers [17, 31-33]. Some 
of these materials show improved hydrogen storage capacity compared with 
pristine carbon nanostructures. 


7.1.2 Other Nanostructures and Microstructures 


Some noncarbon-based nanostructures and microstructures have also been 
investigated for hydrogen storage, for example, glass capillary arrays [34— 


36], hollow glass microspheres [37, 38], and zeolites [39-43]. Glass 
capillary arrays have been developed as systems for safe infusion, storage, 
and controlled release of hydrogen gas, with storage pressures up to 1200 
bar [36]. This technology enables the storage of a significantly higher 
amount of hydrogen than other approaches, and the main determinant in 
this storage technology is the pressure resistance of glass capillaries. 


In another study, the roles of the framework structure, surface area, and 
pore volume of microporous zeolites on hydrogen adsorption have been 
investigated using a high pressure dose of hydrogen at 30°C [42]. Figure 
7.6 shows representative hydrogen adsorption isotherms on different 
microporous zeolites, which reached equilibrium after being dosed with 50 
bar of hydrogen. The largest hydrogen adsorption was approximately 

0.4 wt% on USY(7) zeolite. Although this storage capacity is insufficient to 
the target of DOE, it can be considered as a storage material of hydrogen 
with its modification by ion exchange and enlargement of pore volume, 
because the zeolites have a large pore volume and suitable channel diameter 
close to kinetic diameter of the hydrogen molecule (2.89 A). The amount of 
hydrogen adsorption on mordenite (MOR) zeolites increased with 
increasing Si/Al molar ratio, which was achieved by dealumination. The 
amount of hydrogen adsorption increased linearly with increasing pore 
volume of the zeolites. The hydrogen adsorption behavior was found to be 
dependent mainly on the pore volume of the zeolites. 
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FIGURE 7.6 Hydrogen adsorption isotherms of various zeolites at 30°C. 


Source: Reproduced with permission from Chung [42]. 


7.2 Physical Storage Using Metal-Organic 
Frameworks 


Metal—organic frameworks (MOFs) are a unique class of synthetic porous 
materials that have been demonstrated to store hydrogen. Due to the special 
characters of MOFs, we will discuss them in a separate section here. 


MOFs are highly crystalline inorganic—organic hybrid structures that 
contain metal clusters or ions (secondary building units, or SBUs) as nodes 
and organic ligands as linkers. When guest molecules (solvent) occupying 
the pores are removed during solvent exchange and heating under vacuum, 
porous structure of MOFs can be achieved without destabilizing the frame, 
and hydrogen molecules can be adsorbed onto the surface of the pores by 
physisorption. Compared with traditional zeolites and porous carbon 
materials, MOFs have very high number of pores and large surface area that 
allow higher hydrogen uptake in a given volume. Thus, research interests in 
hydrogen storage using MOFs have been growing since 2003 when the first 
MOF-based hydrogen storage was introduced [44]. Since there are infinite 
geometric and chemical variations of MOFs based on different 
combinations of SBUs and linkers, many researches have explored what 


combination will provide the maximum hydrogen uptake by varying 
materials of metal ions and linkers. 


In 2006, hydrogen storage concentrations of up to 7.5 wt% in MOF-74 has 
been achieved at a low temperature of 77 K [45]. In 2009, a higher storage 
concentration (10 wt%) at 77 bar (1117 psi) and 77 K with MOF NOTT-112 
was reported [46]. Most studies of hydrogen storage in MOFs have been 
conducted at a temperature of 77 K and a pressure of 1 bar because such 
condition is commonly available and the binding energy between hydrogen 
and MOF is large compared with the thermal energy that can allow high 
hydrogen uptake capacity. The amount of hydrogen uptake depends on a 
number of factors, such as surface area, pore size, catenation, ligand 
structure, spillover, and sample purity. 


FIGURE 7.7 Different cages in the crystal structure of NOTT-112. 
Copper: blue-green; carbon: grey; oxygen: red. Water molecules and H 
atoms are omitted for clarity. Source: Reproduced with permission from Yan et al. [46]. 
(See color insert.) 


For example, a recent study has examined the effects of structural 
modifications on the evolution of the crystal structure, pore characteristics, 
and H, capacities of MOF-5s and found that structural modifications can 
significantly influence the pore characteristics, and the specific surface 
areas of the MOF-5s decreased with the evolution of an ultrafine porosity 
[47]. These changes were correlated with an increase in the H, storage 
capacity of the MOF-5 (from 1.2 to 2.0 wt% at 196°C and 1 bar). The 
structural modifications also enhanced the thermal stability of the MOF-5s. 


In another study, porous carbon with hierarchical pore structure derived 
from highly crystalline MOFs (denoted as MOF-derived carbon or MDC) 
without any carbon source was found to display hierarchical pore structures 
with high ultramicroporosity, high specific surface area, and very high total 
pore volume, and thereby to exhibit reversible H, storage capacities at 


certain conditions that were better than those of previously reported porous 
carbons and MOFs, with a 3.25 wt% uptake for MDC-1 at 77 K and 1 bar 
[48]. This exceeded that of the benchmark materials and surpassed the 
performance of all other materials characterized to date. Figure 7.8 shows a 
comparison of the hydrogen storage capacity of the MDCs and isoreticular 
MOFS (IRMOFs) with some benchmark materials such as PCN-12 and 
ZTC. 
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FIGURE 7.8 Hydrogen storage capacity at 77 K, and 1 bar of (a) the 
products and (b) the benchmark materials are shown for comparison. 
IRMOF stands for isoreticular MOF and MDC for MOD derived. Source: 


Reproduced with permission from Yang et al. [48]. (See color insert.) 


7.3 Clathrate Hydrates 


Clathrate hydrates are a class of solid inclusion compounds in which guest 
molecules occupy cages formed from hydrogen-bonded water molecule 
networks. The usually unstable empty cages can be stabilized by inclusion 
of appropriately sized molecules. Clathrate hydrates of hydrogen often 


possess two different-sized cages to meet the necessary storage 
requirements. However, the higher pressures required, around 2 kbar, to 
produce the material makes it impractical. The synthesis pressure can be 
decreased by filling the larger cavity with tetrahydrofuran (THF) to stabilize 
the material, with the compromise of the potential storage capacity of the 
material [49]. In a related study, reversible hydrogen storage capacities in 
THF-containing binary-clathrate hydrates have been increased to ~4 wt% 
at 270 K and modest pressures (12 MPa) by tuning their composition to 
allow the hydrogen guests to enter both the larger and the smaller cages, 
while retaining low pressure stability. The tuning mechanism is quite 
general and convenient, using water-soluble hydrate promoters and various 
small gaseous guests [50]. Figure 7.9 shows the hydrogen content as a 
function of THF concentration and a schematic diagram of hydrogen 
distribution in the cages of THF+H, hydrates. A subsequent study found 


that the use of inexpensive hydrogels as supports can significantly improve 
H, enclathration kinetics and capacities in THF-H,O clathrate hydrate with 
respect to bulk solutions, suggesting potential for accelerated gas-storage 
kinetics in clathrate-based technologies using polymer hydrogels [51]. 
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FIGURE 7.9 H, gas content as a function of THF concentration, and a 
schematic diagram of H, distribution in the cages of THF+H, hydrate. (H, 
gas content is calculated from g of H, per g of hydrate, and expressed as 
wt%.) In region III, H molecules are only stored in small cages, while in 
region II, both small and large cages can store H, molecules. At the highly 
dilute THF concentrations of region I, H molecules can still be stored in 


both cages, but extreme pressures (~2 kbar) are required to form the 
hydrates. Pure H, clathrate (2H,)5:(4H>):17H,O would have a 5.002 wt% 


H2 content. Source: Reproduced with permission from Lee et al. [50]. (See color insert.) 


Besides experimental studies, theoretical or computation studies have been 
carried to gain a better understanding of the hydrogen storage capacity and 
mechanism of calthrate hydrates [52, 53]. For instance, a very recent 
computational study based on first principles electronic structure 
calculations of the pentagonal dodecahedron, (H»O).9, (D-cage) and 


tetrakaidecahedron, (H»O)>,, (T-cage) building blocks of structure I (sI) 


hydrate lattice suggest that these can accommodate up to a maximum of 5 
and 7 guest hydrogen molecules, respectively [54]. For the pure hydrogen 
hydrate, Born—Oppenheimer molecular dynamics (BOMD) simulations of 
periodic (sI) hydrate lattices indicate that the guest molecules are released 
into the vapor phase via the hexagonal faces of the larger T-cages. The 
presence of methane in the larger T-cages was found to block this release, 
therefore suggesting possible means for stabilizing these coated clathrate 
hydrates and the potential enhancement of their hydrogen storage capacity. 


7.4 Summary 


It is clear from the discussion earlier that each material considered for 
hydrogen storage has some strengths and limitations and none can meet all 
the desired criteria and target requirements yet. Compared with hydrogen 
generation and utilization, hydrogen storage faces more and greater 
challenges. Further research and development are needed, both in the 
experimental and theoretical fronts, to meet these challenges. Some 
fundamental issues still need to be addressed systematically at the atomic 
level in relation to both the thermodynamics and kinetics of hydrogen 
adsorption and desorption. 
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8 
Hydrogen Utilization: Combustion 


8.1 Basics about Combustion 


Combustion of fuel such as hydrogen or hydrocarbons in air or oxygen is an 
important process for many applications, including combustion engines. 
The chemistry of combustion is actually very complex, involving many 
elementary reactions and radial species, often called radical pools. The 
reaction mechanisms are highly dependent on many factors, such as 
temperature, pressure, reactor, catalyst, and composition. 


Hydrogen gas is highly flammable and can burn in air at a very wide range 
of concentrations between 4% and 75% by volume. The enthalpy of 
combustion for hydrogen is -286 kJ-mol!: 


H,(g)+ O,(g) + H,O(1) + 286 kJ. 
(8.1) 2 
Hydrogen mixed with air in the concentration range of 4-75% can 
spontaneously explode by spark, heat, or sunlight, and the hydrogen 
autoignition temperature, the temperature of spontaneous ignition in air, is 
500°C or 932°F. Pure hydrogen—oxygen flames emit ultraviolet light and 
are essentially invisible to the naked eye, which presents a potential safety 
hazard. Hydrogen also reacts with other oxidizing elements. For example, it 
can react spontaneously and violently at room temperature with chlorine 
and fluorine to form the corresponding hydrogen halides, which are useful 
and dangerous acids. 


8.2 Mechanism of Combustion 


Detailed flow reactor studies and kinetic modeling of the H,/O, reaction 


has been reviewed and updated by Dryer and co-workers. This section will 
present a brief summary based on the review of Dryer et al. [1, 2]. The 


updated H,/O, reaction mechanism consists of 19 reversible elementary 
reactions summarized in Table 8.1. These reactions can be categorized into 
four groups: (1) H,/O, chain reactions, (2) H,/O, 
dissociation/recombination reactions, (3) formation and consumption of 
HO,, and (4) formation and consumption of H03. 


H./O, chain reactions 


1. H + O, = O + OH 


2.0+H,=H+OH 
3. H> + OH = H,O + H 
4. O + H,O = OH + OH 


H,O, dissociation/recombination reactions 
1.H,+M=H+H+M 
H,+Ar=H+H+M 


2.0+O+M=O,+M 
O+O+Ar=Q,+Ar 


3.0+H+M=OH+M 


4.H+OH+M=H,O+M 
H + OH + Ar = H,O + Ar 


Formation and consumption of HO, 


1. H +O, + M = HO, + M 
H + O, + Ar = HO, + M 
H + O, = HO, 


2. HO, + H = H, + O, 


3. HO, + H = OH + OH 
4. HO, + O = OH + O, 
5. HO, + OH = H,O + O, 


Formation and consumption of H0, 


1. HO, T HO, = H0,» + O, 
HO, + Ar = OH + OH + Ar 


2. HO; + M = OH + OH + M 
H,O, + Ar = OH + OH + Ar 
H,O, = OH + OH 


. H,O, + H = H,O + OH 
. H,O, + H = H, + HO, 
. H,O, + O = OH + HO, 


nA a A W 


. H-O, + OH = H,O + HO, 
H,O, + OH = H,O + HO, 


Note: M for nonreactive gas such as N», Ar, or He. 


TABLE 8.1 Summary of 19 Reversible Elementary Reactions in the H,O, 
Reaction Mechanism 


Thermodynamics data and rate coefficients for these reactions are given in 
Mueller et al. [1] and updated in Li et al. [2] for reactions 1 to 3. Most of 
the early profile measurements of the H,O, reaction have been obtained 


using a variable pressure flow reactor (VPFR) over pressure ranges of 0.3— 
15.7 atm and temperature range of 850—1040 K, respectively [1]. These 
data span the explosion limit behavior of the system and place significant 
emphasis on HO, and H,O, kinetics. The reaction mechanism proposed 


was later updated with newer experimental results and validated against a 
wide range of experimental conditions, including those in shock tubes, flow 
reactors, and laminar premixed flames.[2] Overall, excellent agreement was 
found between the model predictions and experimental observations, 
demonstrating good predictive capabilities of the proposed reaction 
mechanism for different experimental systems. Good agreement between 
different models has also been found. For example, Figure 8.1 shows the 
temperature and pressure dependence of the rate constant of the reaction 

H + O, (+M) > HO, (+M) (for M = N,) predicted by two different models 


[2, 3], which agree reasonably well (within 20%) with each other over 300— 
3000 K and from low to high pressure range. 
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FIGURE 8.1 Temperature and pressure dependence of the reaction rate of 
H + O, (+M) > HO, (+M) for M = N>. Solid lines represent the values 
used in the mechanism proposed in Li et al. [2], and dashed lines the 
recommendations of Troe [3]. Source: Reproduced with permission from Li et al. [2]. 


The reaction rate constant for each of the reaction can be expressed in 
Arrhenius form as follows: 


k= AT” exp|——=, 
(8.2) RT 
where A is a prefactor, T is temperature (K), n is a number between —2.00 
and 2.67 depending the specific reaction and is zero for many of the 
reactions, especially reactions involving the formation and consumption of 


HO, and H»Os;, E, is the activation energy, and R is the gas constant. The 


different parameters and related thermodynamics data have been obtained 
from modeling of experimental results.[1, 2] For example, the low- 
pressure-limit rate constant for the chain termination reaction 

(H + O, + M = HO, + M) for M=N, or Ar has been found to be (in unit of 


cm® mol”? s7!): 


er 
kð? = 6.37x10"T"!" exp|- =| 
(8.3) T 


ke? = 9.04x 10° T-!'® exp 
(8.4) 


The parameters are clearly dependent on the specific third-body gas used. 


Among the reactions, the H + OH + M reaction was found to be primarily 
important only to laminar flame speed propagation predictions at high 
pressure. The overall H,/O, reaction system is very sensitive to the key 
chain branching reaction (H + O, = O + OH) and the important chain 
termination reaction (H + O, + M = HO, + M). The branching ratio of the 
rate constants of these two reactions depends strongly on temperature and 
pressure, and results from an earlier and subsequently updated models are 
compared and shown in Figure 8.2 [1, 2]. The agreement is excellent in the 
temperature range of 800—900 K, where the value of rate constant used in 
the earlier model by Mueller et al. was experimentally derived. 
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FIGURE 8.2 Branching ratio of rate constants of the chain branching 
reaction (H + O, = O + OH) and the chain termination reaction 


(H + O, + M = HO, + M) as a function of temperature for three different 
pressures based on two different models: solid lines [2] and dashed lines 


[1] . Source: Reproduced with permission from Li et al. [2]. 


8.3 Major Factors Affecting Combustion 


One of the most important factors affecting H» combustion is presence of 
other gases such as O, and CH, that participate in combustion or other 
gases such as N, or Ar that affect combustion. The presence of O; is critical 
for combustion, and the ratio between H, and O; is thus a key parameter. 
Mixing with other active gases such as CH, has major consequences on the 


outcome and mechanism of combustion, including emission products. For 
example, mixtures of hydrogen and methane as fuel allow a substantial 
reduction of CO, emissions at affordable costs [4]. 


When hydrogen combustion is carried in air or with N, present, nitrogen 
species, particularly NO, (x indicating various ratios between N and O), 


play a critical role in the combustion process [5]. Several important 
reactions involving NO, are summarized in Table 8.2. 


NO formation 


1.N,0+O=NO+NO 
2. NNH+O=NH+ NO 
3.N+Q,=NO+0O 
4.N+N,=NO+N 
0. N+OH=NO+H 


NO removal 


1. NO + HO, = NO, + OH 
2.H+NO+M=HNO+M 
3. NH+NO=N,0+H 

4. NH, + NO = N,O + NH; 


Other reactions 
1.N,0+M=N,+0+M 
2. N-O + H = N, + OH 
3.N,0 +O=N, +O, 

4. NO, + H, = HONO + H 


Note: M for nonreactive gas such as N», Ar, or He. 


TABLE 8.2 Summary of Several Important Reactions Involving NO, in 
Hydrogen Combustion 


The two main reaction paths forming NO, relevant in H, combustion are 


thermal NO (reactions 3—5 in Table 8.2) and the nitrous oxide mechanism 
(N-O) (reaction 1). The NNH mechanism (reaction 2) is always important 


at low temperatures while only relevant at low residence times for rich 
mixtures at high temperature. Figure 8.3 show a dependence of maximum 
[NO] on maximum temperature [6]. It is clear that the overall maximum 
[NO] increases with the maximum temperature in the range of about 1850— 
2150 K. 
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FIGURE 8.3 Dependence of maximum [NO] on maximum temperature 
for different experimental results and numerical simulations [6]. 


Dilution with gases such as N, reduces the flame temperature and thus the 
thermal mechanism of NO, formation. At high dilutions, the thermal 
mechanism is almost suppressed and the NO, formation occurs mainly 
through NNH and NO mechanisms [5]. 


NO, emission from hydrocarbon combustion is strongly influenced by 


hydrogen addition. For example, in a recent study of mild flameless 
combustion regime applied to methane/hydrogen mixtures in a laboratory- 
scale pilot furnace with or without air preheating, results show that mild 
flameless combustion regime is achieved from pure methane to pure 
hydrogen whatever the CH,/H, proportion [7]. The main reaction zone 


remains lifted from the burner exit, in the mixing layer of fuel and air jets, 
ensuring a large dilution correlated to low NO, emissions, whereas CO, 
concentrations obviously decrease with hydrogen proportion. A decrease of 
NO, emissions is measured for larger quantity of hydrogen due mainly to 


the decrease of prompt NO formation. Without air preheating, a slight 
increase of the excess air ratio is required to control CO emissions. For pure 
hydrogen fuel without air preheating, mild flameless combustion regime 
leads to operating conditions close to a “zero emission furnace,” with 
ultralow NO, emissions and without any carbonated species emissions. 


Another important factor in hydrogen combustion is pressure. For example, 
a chemical kinetic model for high pressure combustion of H»/O, mixtures 


has been developed recently by updating some of the rate constants 
important under high pressure conditions without any diluents [8]. The 
revised mechanism is validated against experimental shock-tube ignition 
delay times and laminar flame speeds, with predictions of the model 
compared with those by several other kinetic models. While predictions of 
the different models agree well with each other and with the experimental 
data of ignition delay times and flame speeds at pressures lower than 10 
atm, substantial differences are observed between experimental data of high 
pressure mass burning rates and model predictions, as well as among the 
model predictions themselves. Different pressure dependencies of mass 
burning rates above 10 atm in different kinetic models result from using 
different rate constants in these models for HO, reactions, especially for 


H + HO, and OH + HO, reactions. The rate constants for the reaction 
H + HO, involving different product pathways were found to be very 
important for predicting high pressure combustion properties. 


Temperature is another important factor in hydrogen combustion. In 
particular, high temperature hydrogen combustion is of interest to nuclear 
reactor safety [9]. In a combined experimental and simulation study, it has 
been found that the mass flux or burning velocity increases exponentially 
with increasing temperature in a wide temperature range, as shown in 
Figure 8.4 [10]. In this example, the experimentally measured temperature 
was based on coherent anti-Stokes Raman scattering (CARS). The 
calculations were carried out using different standard models. By 
comparing the computed variation of flame temperature with mass flux in 
burner-stabilized flat flames with those obtained experimentally, the 
predictive power of a chemical mechanism was tested at constant 
equivalence ratio over a range of more than 700 K. The approach was 
suggested to be general and can be used for other fuels as well. 
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FIGURE 8.4 Flame temperature vs. mass flux at equivalence ratio 

o = 0.6. The equivalence ratio is defined as the ratio of the actual fuel/air 
ratio to the stoichiometric fuel/air ratio. Points: measurements; lines: 
calculations using different models or reaction mechanisms: GRI-Mech 3.0 
(thick solid line) or GRI-Mech 2.11 (dashed line) or Konnov (thin solid 


line). Source: Reproduced with permission from Haruta and Sano [10]. 


8.4 Catalytic Combustion 


Hydrogen combustion can be assisted by catalysis as in many chemical 
reactions. Compared with flame-type combustion, catalytic combustion can 
operate at lower temperature and reduce pollution due to NO, emission in 


flame combustion [11]. Common catalysts used include Pt, Pd, Ni, and Co, 
usually dispersed in metal oxide supports, for example, Al,O3, SiO», ZrO», 


and TiO. One of the primary functions of the catalysts is to facilitate 
dissociation of the H, molecule by weakening the H-H bond through 


adsorption onto the catalyst surface. The supports help to disperse the metal 
catalysts and enhance surface area, while in some cases, play a more active 
role by functioning as catalysts themselves. For example, an earlier 
experimental study has examined the effect of fundamental conditions of 
hydrogen-fueled catalytic burners on their operating properties [12]. In 
diffusive combustion, Pd-power coated Ni foam with relatively large pores 


could afford the highest combustion efficiency; however, it suffered from 
considerable nonuniform distribution of surface temperature. It was 
demonstrated that a ceramic foam coated with Co-Mn—Ag oxide was 
practically utilizable for catalytic appliances operating on hydrogen fuel, 
although it required a little preheating for initiating combustion. Premixing 
of air to a 40% stoichiometric amount with hydrogen was effective in 
improving combustion efficiency. In a completely premixed operation, 
combustion efficiency higher than 99% was obtained in the heat input range 
up to 1.6 kcal-cm*-h !. Figure 8.5 shows representative distribution of spot 
tempearature, combustion efficiency (E), and equivalent air ratio over 
catalyst surface in diffusive combustion for several different catalysts 
studied. The combustion efficiency is sensitive to both temperature of the 
catalyst surface and the equivalent ratio. 
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FIGURE 8.5 Distribution of spot temperature, combustion efficiency (E) 
and equivalent air ratio (A>) over catalyst surface in diffusive combustion. 
Heat input, 1.2 kcal:cm~?-h™t. Equivalent ratio of secondary air, A, = 1.8 
0.2. (a) Catalyst Th A> = 1.74, E = 83.7 - 87.3%. (b) Catalyst Ds, A> = 1.62, 
E = 81.2%. (c) Catalyst D», A, = 1.96, E = 98.0%. (d) Catalyst Go, A,=1.94, 
E = 93.0%. Source: Reproduced with permission from Haruta et al. [12]. 


In a more recent study, a mesoporous ceramic coating monolithic Pt-based 
catalyst (Pt/Ceg gZry 4O>/MgAl,0,/cordierite) was prepared from inorganic 


salt and alkali and used for catalytic hydrogen combustion study [13]. The 


results showed that the coating had typical spinel crystallization structure 
and high surface area (more than 200 m?-g71). The Ce-Zr oxide 
modification increased the surface area and improved the oxygen storage 
capacity. And the results of hydrogen catalytic combustion indicated that 
this monolithic catalyst had high activity for hydrogen combustion reaction, 
which could quickly start up even at 263 K. For low temperature catalytic 
combustion of hydrogen, the initial reaction temperature, H, concentration, 
and space velocity were very important parameters. Figure 8.6 shows the 
H, conversion rates and bed temperature changes as a function of reaction 
time over the Pt/Cep ¢Zrg 40>/MgAl1,O, cordierite catalyst under different 
hydrogen concentrations. The H, conversion rate is very sensitive to the 


hydrogen concentration, and changes substantially from 2% to 3%. 
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FIGURE 8.6 (a) H, conversion rates and (b) bed temperature changes 
versus reaction time over the Pt/Cep ¢Zrg 4O>/MgAl,O, cordierite catalyst 
under different hydrogen concentrations at 263 K as initial temperature 
(20,000 hi), Source: Reproduced with permission from Zhang et al. [13]. 


The supports of catalysts can also have important influence on the hydrogen 
combustion reaction. For example, a recent study has compared the effect 
of several different oxide and vanadate compounds (CeO;, Fe,03, CeVO,, 


and FeVO,) as support on catalytic hydrogen combustion [14]. While all 


the four compounds showed good activity and stability for catalytic 
hydrogen combustion and more than 95% conversion was observed over all 
the compounds in the temperature range of 250—500°C, the reaction 
mechanisms differ for the different compounds in the nature of adsorption 
of H, over the adsorption sites. The rates of reaction were very high when 


the reaction was carried out with high concentrations of O, in the stream. 
FeVO, was found to be the best catalyst, and the possible reason behind the 
high activity of the compound was the presence of favorable Fe**—Fe** and 


V°*-V** redox couples. The reaction was found to proceed via dissociative 
H, adsorption mechanism over ceria-based compounds while it was found 


to proceed via molecular adsorption over iron-based catalysts. Figure 8.7 
shows the proposed reaction mechanism over Fe-based compounds. The 
middle panel shows molecularly adsorbed H, in the compound abstracting 


oxygen from the lattice, resulting in the release of H,O and reduced iron 
oxide with vacancies. The bottom panel illustrates the dissociation of O» 


over the oxygen ion vacancies, reoxidation of the support, formation of 
weakly adsorbed oxygen species on the support, interaction of H, from gas 


phase with oxygen adsorbed in the support, and release of H,O giving back 
the catalyst in its original form. 
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FIGURE 8.7 Proposed mechanism of catalytic hydrogen combustion over 
Fe-based compound. Source: Reproduced with permission from Deshpande et al. [14]. 


8.5 Summary 


Hydrogen combustion is a fast, efficient, and complex process involving 
many elementary reactions. The reaction mechanisms are highly dependent 
on many factors, including pressure, temperature, reactor structure, and 
carrier or dilute gases. The reaction is extremely useful and can be 
dangerous. Thus, major precaution is required in dealing with the reaction. 
While substantial research has been done on this reaction, the detailed 
reaction mechanism still could use further research, partly due to its 
complex and fast nature. With advancement in computational chemistry, 
new insight into the reaction mechanism could be gained from the 
theoretical and computational front, especially given that most of the 
elements involved in the combustion reaction are light, rendering 
themselves convenient for theoretical studies. On the experimental front, 
ultrafast kinetic studies may help to gain more and direct insight into the 
reaction mechanism involving short-lived species, such as radicals as 
intermediates. 
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9 
Hydrogen Utilization: Fuel Cells 


9.1 Basics of Fuel Cells 


9.1.1 The Rational Development of Fuel Cells 


Hydrogen has the highest energy content by weight (33,320 Wh-kg 4), 
which is about 2.6 and 2.4 times more than gasoline (12,700 Wh-kg !) and 
natural gas (13,900 Wh-kg +), respectively [1-3]. In Chapter 8, we have 
reviewed hydrogen utilization for direct combustion. However, the 
efficiency of a hydrogen internal combustion engine (ICE) is ca. 25% while 
that of a hydrogen fuel cell vehicle is 60%, which is three times better than 
that of petrol-fuelled engines (18-20% for a petrol ICE reaching 40% at 
peak efficiency) [4, 5]. 


In this chapter, we will discuss the application of hydrogen in fuel cells. A 
fuel cell is a device that converts chemical energy supplied as input fuels 
into electric energy, and is essentially a battery with an external fuel source 
[5]. It creates electricity by stripping electrons off the hydrogen. Like a 
battery, a typical fuel cell contains a set of plates for electrochemical 
reactions [6]. Unlike a battery, it never runs out and it produces a 
continuous flow of clean power as long as fuel is supplied. The invention of 
fuel cells as energy conversion systems dates back from the middle of the 
nineteenth century by Sir William Grove, “father of the fuel cell.” However, 
the principle was first discovered by Christian Friedrich Schonbein [3]. 
Faced with major environmental issues in the use of fossil fuels for 
applications such as electricity generation and automobiles, hydrogen fuel 
cells provide an attractive alternative due to its high efficiency and clean 
byproduct (water) [7]. Significantly increased efforts have been made 
recently to advance the fuel cell technology and understanding of related 
fundamental issues. 


9.1.2 Work Principles of Fuel Cells 


A fuel cell produces electricity from electrochemical oxidation of the fuel. 
An electrochemical cell usually consists of two electrodes that allow the 
overall reaction described below to take place: 


(9.1) Aoi + Brest + Crear + Donas 


where A,,, is the oxidant, usually O, in the fuel cells, B,.q, is the reducer, 
usually H, or other hydrocarbon fuels, C,,g> is the reductive, usually H,O in 
fuel cells, and D,,» is usually CO, when the fuel is hydrocarbon. The Gibbs 
free energy change of a chemical reaction is related to the cell voltage via: 


(9.2) AG =—nFA Un, 


where n is the number of electrons involved in the reaction, F is the Faraday 
constant, and AU, is the voltage of the cell for thermodynamic equilibrium 


in the absence of a current flow. 


There are many types of fuel cells, but they all consist of an anode (negative 
side), a cathode (positive side), and an electrolyte that allows charges to 
move between the two electrodes of the fuel cell [7]. Electrons are drawn 
from the anode to the cathode through an external circuit, producing direct 
current electricity. Fuel cells come in a variety of sizes. Individual fuel cells 
produce relatively small electrical potentials, about 0.7 V, so cells are 
“stacked” or placed in series to increase the voltage and meet specific 
application requirements. 


Figure 9.1 shows a schematic of a typical hydrogen/oxygen fuel cell and its 
reactions based on the proton exchange membrane [4]. This fuel cell is 
constructed using polymer electrolyte membranes (notably Nafion) as 
proton conductor and platinum (Pt)-based materials as catalyst. Its 
noteworthy features include low operating temperature, high power density, 
and easy scale-up, making it a promising candidate as the next-generation 
power sources for transportation, stationary, and portable applications. It is 
manufactured as a stack of identical repeating unit cells comprising a 
membrane electrode assembly (MEA) in which hydrogen gas (H>) is 


oxidized on the anode and oxygen gas (O35) is reduced on the MEA cathode, 


all compressed by bipolar plates that introduce gaseous reactants and 
coolants to the MEA and harvest the electric current. The electrochemical 


reactions occur at the MEA electrodes, each attached to a solid polymer ion 
exchange membrane that conducts protons but not electrons. Both the 
cathode oxygen reduction reaction (ORR) and anode hydrogen oxidation 
reaction occur on the surfaces of Pt-based catalysts. Pure water and heat are 
the only by-products. Porous gas diffusion layers transport reactants and 
product water between the flow fields and catalyst surfaces while 
exchanging electrons between them. The major reactions are given below. 


(9.3) Anode: Ha — 2H7™ +2e7 
(9.4) Cathode: 4H~ + 4e7 + O, — 2H,O 


(9.5) Overall: 2H, +O, — 2H,0. 


porous porous 
Cathode Electrolyte Anode 


FIGURE 9.1 Schematic drawing of a hydrogen/oxygen fuel cell and its 
reactions based on the proton exchange membrane fuel cell. Source: 
Reproduced with permission from Carrette et al. [4]. (See color insert.) 


9.1.3 Operation of Fuel Cells 


The operation of fuel cells is virtually electrochemical reactions, and the 
overall properties can be characterized by Nernst equation. For the 
oxidation of hydrogen, the kinetics of this reaction is very fast on Pt 


catalysts, and in a fuel cell, the oxidation of hydrogen at higher current 
densities is usually controlled by mass-transfer limitations. The oxidation of 
hydrogen also involves the adsorption of the gas onto the catalyst surface 
followed by dissociation of the molecule and electrochemical reaction to 
two hydrogen ions as follows: 


(9.6) 2Pt (s) +H, — Pt—H,,, + Pt—H,. 
(9.7) Pt—H as — H7 +e + Pti, 


where Ptg is a free surface site and Pt-H,4, is an adsorbed H atom on the Pt 
active site. The overall reaction of hydrogen oxidation is: 


(9.8) H, — 2H" +2e7 u°’ =0 V. 


The electrocatalytic oxygen reduction reaction (ORR) on catalyst surfaces 
[RHE = reversible hydrogen electrode] is one of the most widely studied 
reactions in electrochemistry. Its fundamental and technological importance 
is based on the fact that the oxygen/water half-cell reaction is a strongly 
oxidizing and ubiquitous redox couple [7]. Combined with an electron- 
supplying redox process, a direct electrochemical conversion of hydrogen, 
the overall Gibbs energy of reaction into electrical potentials is achieved. 
This conversion is the scientific basis for electrochemical reactions in fuel 
cells or metal—air batteries. The ORR is also used in oxygen depolarization 
cathodes (ODC) in modern chlorine technologies, in which it replaces the 
hydrogen evolution process to improve electrical efficiencies. The reverse 
ORR process, that is, the evolution of oxygen from water, is crucial for 
efficient water (photo)-electrolysis into hydrogen or in metal 
electrodeposition processes in the semiconductor industry [4, 5]. 


The efficiency of a fuel cell can be calculated from the Gibbs free energy 
(AG) and the enthalpy change (AH) of the electrochemical reaction. Ideally, 
the free energy of the reaction can be completely converted into electrical 
energy and the efficiency is given by: 


W _nFAUo AG TAS 
(-AH) (—AH) AH AH’ 


(9.9) 


where W, is the electrical work performed, and AS is the isothermal entropy 


change of the reaction. TAS corresponds to the reversible heat exchanged 
with the external environment. The change in entropy of the reaction (AS) 
depends strongly on the reactants and products [4, 5]. 


9.2 Types of Fuel Cells 


Fuel cells come in many varieties; however, they all work in the same 
general manner. As mentioned earlier, a typical fuel cell is made up of three 
adjacent segments: the anode, the electrolyte, and the cathode. Two 
chemical reactions occur at the interfaces of the three different segments. 
The net result of the two reactions is that the fuel is consumed, water or 
carbon dioxide is generated, and an electric current is produced, which can 
be used to power electrical devices, normally referred to as the load. Fuel 
cells are usually classified by the electrolyte employed in the cell, as 
summarized in Table 9.1. Direct methanol fuel cell (DMFC), with methanol 
directly fed to the anode, is beyond this classification, and we will mainly 
discuss the fuel cells based on hydrogen as fuel. 
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TABLE 9.1 The Different Fuel Cells that Have Been Realized and Their 
Electrode Reactions 


9.2.1 Alkaline Fuel Cell (AFC) 


The AFC has the highest electrical efficiencies among fuel cells, but works 
only with the pure gases, which is a restraint for wide applications [8]. The 
AFC is also one of the first fuel cells used in space, and the first 
technological AFC was developed by the Bacon group at the University of 
Cambridge [9]. The initial electrodes used in AFC are Ni-based catalysts, 
sometimes activated with novel metals. Pt-carbon electrodes are now 
widely used for both the anode and cathode. The Pt-based alloys have been 
proved to have higher activity than bare Pt for oxygen reduction due to a 
higher exchange current density. Nowadays, various Pt-based alloys have 
been synthesized, and their sizes, morphologies, and compositions have 
been widely explored [10]. The alkaline KOH electrolyte is used in AFC, 
which has an advantage over acid fuel cells in that oxygen reduction 
kinetics are much faster in it than in acid electrolyte [11]. The circulating 
KOH also provides a good barrier against gas leakage and can be used as a 
cooling liquid in the cell or stack. In addition, since the high open circuit 
voltage of the KOH electrolyte-based AFC cell may induce the carbon 
oxidation and produce carbonates that are deleterious to the cell 
performance, circulating the KOH, instead of using a stabilized matrix, can 
avoid the buildup of carbonates [12]. 


9.2.2 Proton Exchange Membrane Fuel Cell (PEMFC) 


The PEMFC (originally referred to as the solid polymer electrolyte fuel 
cell) was the first type of fuel cell to find an application—power source for 
NASA's Gemini space flights in the 1960s [13]. This technology was 
dormant for about 20 years thereafter. More recently, the California 
Environmental Legislations and the U.S. Partnership for a New Generation 
of Vehicles program (PNGV), which was initiated in 1993 and sponsored 
by the U.S. government and the big three U.S. automobile manufacturers, 
stimulated its worldwide renaissance for the transportation application [14]. 
This renaissance, in turn, gave birth to the R&D programs for portable 
power and power generation applications [15]. Today, PEMFCs are at the 
forefront of the different types of fuel cells [16]. 


Figure 9.2 illustrates the main components of a PEMFC power source: (i) 
the single cell containing the porous gas diffusion electrodes (anode and 
cathode), the proton conducting electrolyte, anodic and cathodic catalyst 
layers, mostly deposited on the electrode (but more recently in some work 
on the proton conducting membrane), and current collectors with the 
reactant flow fields, (ii) a stack of cells in series, with the current collectors 
also serving as the bipolar plates, (iii) cell stacks (modules) connected in 
series or parallel, depending on the voltage and current requirements for 
specific applications, and (iv) auxiliaries for thermal and water management 
and for compression of gases [17]. The unique feature of the PEMFC, as 
compared with other types of fuel cells (except for the solid oxide fuel cell), 
is that it has a solid proton conducting electrolyte. PEMFCs operate at low 
temperature (below 1008 K) and generate a specific power (W:kg ‘) and 
power density (W-cm °) higher than any other type of fuel cell. It is for this 
reason that the PEMFC has captured attention and is the leading fuel cell 
candidate as power sources for transportation, small-scale power 
generation, and portable applications [18]. 
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FIGURE 9.2 Schematic of PEMFC and stack. Reproduced with permission 
from Costamanga and Srinivasan [19]. 


The proton conducting membrane is the vital component of a PEMFC, 
since that is what makes it possible to attain high power densities [7]. A 


major breakthrough in the field of PEMFCs came with the use of Nafion 
membranes by DuPont. These membranes possess a higher acidity and also 
a higher conductivity and are far more stable than the polystyrene sulfonate 
membranes. Furthermore, composite membranes have been widely 
explored to improve the membrane structure and conductivity. Novel 
membranes have also been prepared by new techniques, such as radiation 
grafting or plasma polymerization, which have proved to be mechanically 
and electrochemically stable for PEMFC applications. Moreover, 
membranes in PEMFC are usually filled with water to keep the conductivity 
high, since proton transport through a wet membrane is similar to that of an 
aqueous solution. Water management in the membrane is one of the major 
issues in PEMFC technology. One way to improve the water management is 
to humidify the gases coming into the fuel cell. Another form of water 
management can be found in the direct hydration of the membrane by 
mounting porous fiber wicks. 


Electrodes for PEMFCs are generally porous gas diffusion electrodes to 
ensure the supply of reactant gases to the active zones where the noble 
metal catalyst is in contact with the ionic and electronic conductor [20]. Pt 
and Pt-based alloy are the best electrocatalysts for both hydrogen oxidation 
and oxygen reduction [21]. One of the major problems with the Pt 
electrocatalysis for hydrogen electrode is its low tolerance to CO in H, from 


reformed fuels, so the development of strategies to improve the stabilities of 
Pt based catalysts and search for other novel electrocatalysts have attracted 
wide researchers [22—24]. The basic designs for platinum catalysts are 
summarized in Figure 9.3, categorized by overall geometry of the catalyst 
and its support, and then further subdivided according to structural 
morphology and composition [16, 25, 26]. Comparison of the results shows 
that kinetic activity can change by nearly an order of magnitude when the 
catalyst is a discrete nanoparticle or a polycrystalline thin film, and that 
catalyst surface area per unit volume can affect the maximum achievable 
current density [27]. Also, the volume occupied by the nonactive support 
influences current density, while aspect ratios determine the packing of the 
catalyst supports and hence porosity and free-radical scavenging [28]. 
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FIGURE 9.3 Basic platinum-based heterogeneous electrocatalyst 
approaches. Source: Reproduced with permission from Debe [26]. 


9.2.3 Phosphoric Acid Fuel Cell (PAFC) 


PAFC is a type of fuel cell that uses liquid phosphoric acid as an electrolyte. 
It was developed in the mid-1960s and field-tested in the 1970s. Since then, 
it has improved significantly in stability, performance, and cost [29]. These 
characteristics have made the PAFC a good candidate for early stationary 
applications [30]. In the operating range of 150—200°C, the expelled water 
can be converted to steam for air and water heating (combined heat and 
power). This potentially allows an efficiency increase of up to 70% [31]. P 
AFC is CO,-tolerant ,and even can tolerate a CO concentration of about 


1.5%, which broadens the choice of fuels that can be used. If gasoline is 
used, sulfur must be removed. At lower temperatures, phosphoric acid is a 
poor ionic conductor, and CO poisoning of the Pt electro-catalyst in the 
anode becomes severe. However, PAFC is much less sensitive to CO than 
PEFCs and AFCs. The disadvantage of PAFC is its rather low power 
density and aggressive electrolyte [30]. The electrodes used in PAFCs are 
generally Pt-based catalysts dispersed on a carbon-based support. For the 


cathode, a relatively high loading of Pt is necessary for the promotion of the 
O, reduction reaction. The hydrogen oxidation reaction at the anode occurs 


readily over a Pt/C catalyst. The electrolyte of PAFC is highly concentrated 
or pure liquid phosphoric acid (H3PO,) saturated in a silicon carbide matrix 


(SiC) [32]. 


9.2.4 Molten Carbonate Fuel Cell (MCFC) 


The development of MCFCs started about mid-twentieth century [17]. An 
advantage of the MCFC is the possibility to allow for internal reforming 
due to the high operating temperatures (600—700°C) and to use the waste 
heat in combined cycle power plants [33]. A molten alkali carbonate 
mixture is retained in a porous lithium aluminate matrix [34]. At the 
cathode, oxygen reacts with carbon dioxide and electrons to form carbonate 
ions: 


(9.10) y O2 +CO2 +267 — COZ. 


The carbonate ions flow through the electrolyte matrix from cathode to 
anode. At the anode, the carbonate ions are consumed by the oxidation of 
hydrogen to form steam and carbon dioxide, releasing electrons to the 
external circuit: 


(9.11) H,+CO; —H,0+CO, +2e. 


Because Ni metal anodes are not stable enough under the MCFC operating 
conditions, Ni—Al or Ni—Cr metal alloys have been employed as MCFC 
anodes [35, 36]. For cathodes, NiO is active enough for oxygen reduction at 
high temperatures so that a Pt-based metal is not necessary. One problem 
with the NiO cathode is that NiO particles grow as they creep into the 
molten carbonate melt, which reduces the active surface area and can short- 
circuit the cell. A solution to this problem is to add small amounts of Mg 
metal to the cathode and the electrolyte for stability [34]. 


The electrolyte for MCFCs is a molten carbonate that is stabilized by an 
alumina-based matrix [37]. Initially, Li,CO3/K,CO3 (Li/K) carbonate 


materials were used as electrolytes, but they tend to degrade [38]. 


Subsequently, an alumina phase or ceria-based materials were added to 
stabilize the electrolyte [4, 5]. 


9.2.5 Solid Oxide Fuel Cell (SOFC) 


SOFCs employ a solid oxide material as electrolyte and are, thus, more 
stable than the molten carbonate fuel cells as no leakage problems due to a 
liquid electrolyte can occur [39, 40]. Due to the high operating temperature 
(700—1000°C), a wide variety of fuels can be processed. Anodes for SOFC 
are also based on Ni, and usually Ni cermet materials are used, which are 
more stable than plain Ni metal. A NiO powder mixed with a YSZ powder 
together with a resin binder produces an anode functional layer onto which 
the YSZ electrolyte can be deposited and sintered [41, 42]. 


From the beginning of SOFC development, it was found that LaSrMnO, 


(LSM) electrodes had a high activity for oxygen reduction at high 
temperatures and were stable under SOFC operation conditions [43]. These 
LSM cathodes have been improved over time and particularly yttria- 
stabilization of the cathodes improves the performance. Perovskite-type 
materials have been investigated as cathodes for SOFCs as well [44]. 
Lanthanide-based perovskites showed a high conductivity and a high 
catalytic activity for oxygen reduction. For electrolytes, ZrO,- and CeO,- 


based electrolytes have been found to be stable and afford reasonable 
conductivity. 


9.3 Catalysts for Oxygen Reduction 
Reaction of Fuel Cells 


As we mentioned above, oxygen reduction reaction is an important half 
reaction in the fuel cells, and it decide the efficiency, power density 
durability and cost of the fuel cells [45]. In a classic PEMFC, the catalyst 
phase is contacted with a porous carbon layer that conducts the electronic 
current and allows gas diffusion to the catalyst/membrane interface and 
liquid water to be extracted from the catalyst layer, and the oxygen 
reduction reaction is the rate-determining step. Noble metals such as Pt, Pd, 
and Au, are mainly catalysts for PEMFC, but these are very expensive, and 
Pt-based electatalysts and their associated catalyst layers contribute over 


55% of the total cost of fuel cells. Thus, exploring new catalysts withl 
platinum or are platinum-free is in high demands [46, 47]. 


9.3.1 Pt-Based Catalysts 


Pt-based catalysts are the mainly catalysts used in current fuel cells. It has a 
face-centered cubic (fcc) crystal structure with a lattice parameter of 3.93 A, 
and it surface energies (y) of the low-index crystallographic planes are in 
the order of y(111) < y(100) < y(110). Usually, nano-sized Pt-based catalysts 
have high specific surface area, and are high active than bulk, while the 
exposed facets, morphologies as well as composites affect the catalytic 
activities obviously [48]. Thus, synthesis of new nanostructured materials is 
a topic of intense research and development to optimize the existing Pt NP 
catalysts [49]. 


In 2007, Xia et al. at Washington University described the synthesis of 
platinum nanoparticles of an unusual shape (Fig, 9.4). Remarkably, the 
crystals were concave nanocubes enclosed by high index facets, including 
{510}, {720}, and/or {830} surfaces. Their as-prepared Pt concave 
nanocubes exhibited substantially enhanced specific activity compared with 
those of Pt nanocubes, cuboctahedra, and commercial Pt/C catalysts that are 
bounded by low index facets, such as {100} and {111} toward the oxygen 
reduction reaction, and have significant potential in fuel cell application 
[50]. 


FIGURE 9.4 TEM (a) and HRTEM images (b,c), and SAED (d) of the Pt 
concave nanocubes recorded along [001] direction. Source: Reproduced with 
permission from Lim et al. [50]. 


Meanwhile, the Pt alloys have also been widely explored. Yang et al. 
synthesized Pt—Pd bimetallic heteronanostructures by using Pd as a metallic 
support for Pt nanoparticles (Fig, 9.5). They found that the alloys exhibited 
high reactivities and improved stabilities, which could be to the favorable 
interfacial structures between Pt and Pd supports, as well as the larger than 
usual overall particle size of Pt-on-Pd nanostructures, which prevented the 
small Pt from dissolution in the oxygen reduction reaction. 


FIGURE 9.5 TEM (a), HRTEM (b), and HAADF-STEM (c) images, as 
well as elemental mappings of Pd (d) and Pt (e) metals in Pt-Pd bimetallic 
nanoparticles, TEM (f) and HRTEM (g) images of carbon-supported Pt—Pd 
bimetallic catalysts. Source: Reproduced with permission from Peng et al. [50]. 


9.3.2 Nonnoble Metal Catalysts 


Though Pt-based materials have long been investigated as active catalysts 
for oxygen reduction reaction, the large-scale application of fuel cells has 
been hampered by its high cost and the inadequacy of this metal. Recently, 
platinum-free catalysts for the oxygen reduction reaction have attracted 
enormous interest as an alternative to platinum-based catalysts. These 
mainly include three kinds of materials: organometallic complexes, 
nitrogen-doped carbon-supported metal ions, and transition metal oxides 
and chalcogenides [51, 52]. For example, Chen's group designed and 
synthesized a new highly durable iron phtalocyanine based nonprecious 
oxygen reduction reaction (ORR) catalyst (Fe—SPc) for polymer electrolyte 
membrane fuel cells (Fig. 9.6). 


FIGURE 9.6 Atomic structure and the space filling stacking model of Fe— 
Pc (A,C) and Fe—SPc (B,D). Source: Reproduced with permission from Wu et al. [53]. 
(See color insert.) 


In 2010, Dai et al. synthesized nitrogen-doped graphene, and used it as a 
metal-free electrode in alkaline fuel cells, which showed a much better 
electrocatalytic activity, long-term operation stability, and tolerance to 
crossover effect than platinum for oxygen reduction (Fig, 9.7). 
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FIGURE 9.7 A digital photo image, AFM, and corresponding height 
analyses of the nitrogen doped grapheme. Source: Reproduced with permission 
from Gong et al. [54]. (See color insert.) 


Beside organometallic complexes and nitrogen-doped carbon-supported 
metal ions, metal oxides or transition metal chalcogenides with high 
stability may be considered as potential alternatives to traditional Pt-based 
cathode catalysts. 


Dai et al. in Stanford University reported a hybrid material consisting of 
CoO, nanocrystals grown on reduced grapheme oxide as a high 
performance bi-fuctional catalyst for the oxygen reduction reaction and 
oxygen evolution reaction (Fig. 9.8). Though the CO30, and graphenen 
oxide alone has little catalytic activity, their hybrid exhibits an unexpected, 
surprisingly high oxygen reduction reaction performance. 
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FIGURE 9.8 SEM (a), low (b) and high (c) magnification TEM images, 
as well as XPS spectrum (d) of Co30,4/grapheme hybrid materials. Source: 
Reproduced with permission from Liang et al. [55]. 
Anderson et al. calculated the adsorption energies of the reactants, reaction 
intermediates, and products for water oxidation and O, reduction in acid on 
the (008), (002), and (202) surfaces of CogSg using the Vienna ab initio 


simulation program (VASP) (Fig. 9.9). They found that the partially OH- 
covered (202) surface is active toward O, reduction. On this surface, water 


cannot block the active sites, and heat loss from O, dissociative 
chemisorptions necessitates the overpotential for four-electron reaction. 
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FIGURE 9.9 Top view of reduction pathways examined for the adsorbed 
O atoms on the partially OH(ads)-covered (202) surface of COgSg. Source: 


Reproduced with permission from Sidik and Anderson [46]. (See color insert.) 


9.4 Fuel Processing 


With hydrogen as the main fuel for fuel cells, its reforming and storage are 
important issue [56]. There are a number possible sources for hydrogen 
generation, including fossil fuels, nuclear energy, wind energy, water 
electricity, and solar energy, as well as biomass that can be used to directly 
or indirectly produce hydrogen, as shown in Figure 9.10 [57]. Meanwhile, 
the primary techniques for converting fossil fuels into hydrogen are steam 
reforming (SR), partial oxidation (PO) reforming, and autothermal 
reforming (ATR), as discussed in Chapter 2. Other generation and storage 
methods are covered in other chapters of this book. 
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FIGURE 9.10 Possible production paths of hydrogen fuel. Source: 


Reproduced with permission from Carrette et al. [4]. 


9.5 Applications of Fuel Cells 


The applications of fuel cells focus on propulsion of vehicles, stationary 
and portable power generation [26, 58, 59]. Among them, the vehicular 
application fuel cell systems are the major applications because of their 
potential huge impact on the environment, for example, the control of 
emission of the greenhouse gases. Most major motor companies work 
solely on PEMFCs due to their high power density and excellent dynamic 
characteristics as compared to other types of fuel cells [60]. Fuel-cell 
vehicles (FCVs) have been developed and demonstrated, for example, 
General Motors (GM) Hydrogen 1, Ford Demo Ila (Focus), 
DaimlerChrysler NeCar4a, Honda FCX-V3, Toyota FCHV, Nissan Xterra 
FCV, VW Bora HyMotion, and Hyundai Santa Fe FCV. Automakers such 
as Toyota, Honda, Hyudai, Daimler, and GM have announced plans of 
commercializing their FCVs by 2015 [61]. 


Among all applications for fuel cells, the transportation application involves 
the most stringent requirements regarding volumetric and gravimetric 
power density, reliability, and costs [62]. Since a widespread hydrogen 
retail infrastructure will not be available in the near future, car 
manufacturers consider a liquid fuel as the best option for a short-term 
market introduction of a fuel cell propulsion system [63]. Furthermore, the 
higher energy density of a liquid fuel guarantees a driving range similar to 
that of internal combustion engine vehicles [64]. The fuel favored by many 
car manufacturers is methanol from which hydrogen can be produced 
onboard by SR [56]. The reforming of the fuel, however, leads to slower 
response times, and extensive gas clean-up procedures need to be carried 
out to supply the fuel cell with high-grade hydrogen. 


Some experts believe that fuel cell cars will never become economically 
competitive with other technologies or that it will take decades for them to 
become profitable [61, 65]. In July 2011, the Chairman and CEO of GM, 
Daniel Akerson, stated that while the cost of hydrogen fuel cell cars is 
decreasing: “The car is still too expensive and probably won't be practical 
until the 2020-plus period, I don't know” [56]. In 2013, Lux Research, Inc. 
issued a report that stated: “The dream of a hydrogen economy ... is no 
nearer”[57]. It concluded that “capital cost ... will limit adoption to a mere 
5.9 GW” by 2030, providing “a nearly insurmountable barrier to adoption, 
except in niche applications.” 


9.6 Summary 


The fuel cell will change our lives as much as the computer has done and it 
may replacethe combustion engine one day. The future of power generation 
and transportation will change dramatically when fuel cells become the 
main producers of clean energy [62]. The car will no longer be an 
environmental burden, and the electrical grid will be subdivided to the 
neighborhood and building level. The quality and reliability of this 
alternative energy source will be superior to the current grid design. Fuel 
cells and hydrogen technology will potentially make all of this possible, and 
with little or no pollution. 


Though the fuel cell has a bright future, there are still many problems with 
fuel cells. For example, hydrogen has some limitations that make it 


impractical for use in many applications. It is difficult to store and 
distribute, so it would be much more convenient if fuel cells could use fuels 
that are more readily available. However, as energy costs rise, the relative 
advantage of the high energy conversion efficiency of fuel cells will grow, 
and the business cases will strengthen accordingly (and this will occur 
alongside the expected reductions in manufacturing cost). In addition to 
being more efficient in end-use, development of fuel cells can also stimulate 
and ultimately lead to increased efficiency in energy conversion and 
harvesting. 
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10 
Hydrogen Utilization in Chemical Processes 


10.1 Background 


We have reviewed hydrogen utilization for direct combustion and fuel cells 
in the previous chapters. In fact, hydrogen gas has also been extensively 
used in different industrial chemical processes. For example, large amounts 
of hydrogen gas are required for the processing (or upgrading) of fossil fuel, 
including hydrocracking and hydroprocessing. Hydrogen is also used for 
chemical manufacturing processes, such as Haber process to synthesize 
ammonia and other nitrogen-based fertilizers, such as ammonium nitrate. 
Superconductor and semiconductor industries also use hydrogen. In this 
chapter, we will highlight some of the major applications of hydrogen in 
these chemical processes. 


10.2 Hydrogen Utilization in Petroleum 
Industry 


10.2.1 Hydrocracking 


Hydrocracking is an important process to produce fossil fuel from crude oil 
[1]. The crude oil, composed of high boiling point and high molecular 
weight hydrocarbons are cracked by hydrogen gas to produce a number of 
low boiling point and low molecular weight hydrocarbons, such as gasoline 
and diesel oil, which can be used by the general public. A schematic 
diagram of a hydrocracking system is showed in Figure 10.1. Different 
hydrocarbons can be separated in a fractionator (F). The hydrogen gas used 
for hydrocracking can be recycled. 


Feed Compensation 


Recycled 
Hydrogen 


FIGURE 10.1 Schematic diagram of a typical of single stage of 
hydrocracking system. R, F, and P are reactor, fractionators, and product, 
r espectively. Source: Reproduced with permission from Ward [2]. 


Noble metals such as palladium and platinum, and base metals such as 
molybdenum, tungsten, cobalt, and nickel are common catalysts used in 
hydrocracking. While the hydrogen gas is the essential component for the 
hydrocracking process, its reaction mechanism depends sensitively on the 
nature of the catalyst. The following provides several specific examples. 


The first example is bifunctional catalysts that comprise a 
hydrogenation/dehydrogenation component, such as a noble metal, and a 
Brønsted acid component. Figure 10.2 illustrates a classical mechanism for 
the hydrocracking of an n-alkane. The reactant is first dehydrogenated on 
the metal sites to a mixture of n-alkenes, n-C,H,;. Then, they desorb from 


the metal sites and diffuse to Brgnsted acid sites where they are protonated 


to the secondary alkylcarbenium ions, ” “C\H3i-1 | Carbenium ions undergo ß- 


scission, and form smaller molecules and carbenium ions. These smaller 
species then diffuse to metal sites again and are hydrogenated to products. 


Metal sites Bronsted acid sites Metal sites 


n-C.H,,,. 
+H, | f+ H, F AEETI EAA ee ee : Saona aag 
+ ® 
n-CH, <2 nCHo., Cian + 
-HP ConHayn 
3 Skeletal Secondary 
e rearrangements = R.-scission ` 
? at 
y - r - 
so-CH, $ isocHa, Pimay , cHe > Gat 
+H B-scission C,H, +H isis 
+H, Î- n EEE EA E E T + 2H.) 12H, 
iso-C.H,,.. CH2,.2 + 


Cy Hay. je2 


FIGURE 10.2 Classical mechanism of isomerization and hydrocracking 
of an alkane on a bifunctional catalyst comprising metal sites for 
dehydrogenation/hydrogenation and cracking sites. Source: Adapted with 


permission from Weitkamp [3]. 


The second example is monofunctional catalysts. Hydrogen gas and 
hydrocarbons are chemically adsorbed on the hydrogen absorption sites and 
reactant absorption sites of the same metal surface (Fig, 10.3). The 
hydrocracking reaction is initiated by carbon—carbon bond cleavage, 
followed by hydrogenation of the hydrocarbon fragments. This mechanism 
is also known as hydrogenolysis. 


227, +H, 222, H 

C,H,Cl+ Z, —*>Z,°C,H,Cl 

Z,°C HCl +Z, —> Z; C,H, +Z,°Cl 
ZC H, +Z H —> Z, +CH, + Zy 


Z,*Cl + ZH —> HCl +Z, +Z, 
Overall Reaction: C,H,Cl+ H, > C,H, + HCI 


FIGURE 10.3 A proposed mechanism of hydrogenolysis of 
chlorobenzene on nickel-chromium metal. Z4 and Zp indicate hydrogen 


absorption sites and reactant absorption sites, respectively [4]. 


The third example is Haag—Dessau hydrocracking, which is a nonclassical 
monomolecular cracking via carbonium ions [3]. This process usually 
happens on monofunctional acidic catalysts (such as acidic chabazite [5] 
and zeolite [6] ). Figure 10.4 illustrates the mechanism of Haag—Dessau 
hydrocracking. The initial reaction involves the protonation of alkane 


molecules (RH) to form carbonium ions (#2 ) on the surface of acidic 
catalyst. Carbonium ions then collapse to give short alkanes (R,H, usually 


methane and ethane) and carbenium ions (R? ). Carbenium ions then give 
back protons and desorb from catalyst to form alkenes, followed by 
hydrogenated by hydrogen. 


RH R,H 
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(carbonium ion) 
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FIGURE 10.4 Hagg—Dessau cracking mechanism for an alkane molecule 
proceeding via a carbonium ion transition state [7]. 


The fourth example is thermal hydrocracking (or hydropyrolysis). Even in 
the absence of a catalyst, thermal hydrocracking can be achieved at elevated 
temperatures (e.g., 500—600°C) and hydrogen pressure. As shown in Figure 
10.5, the gaseous H, is first adsorbed on the surface of MoS, and 


dissociates into free radical He when migrating to the Lewis acid sites. 
Simultaneously, the alkyl cyclohexanes are produced from f-scission of 
side chains under increasing thermal stress, probably with the assistance of 
catalysis of MoS,. When the cleaved radical fragments encounters He, 
termination reactions immediately take place to generate smaller molecules 
involving alkanes and cyclohexanes, which would be ultimately desorbed 
and expelled from the surface of catalyst [8]. 
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FIGURE 10.5 Proposed mechanism for hydrolysis of alkyl cyclohexanes 
on MoS, catalyst surface [8]. 


10.2.2 Hydroprocessing 


Petroleum products and natural gas typically contain a large amount of 
sulfur and nitrogen. The presence of sulfur and nitrogen impurities not only 
lowers the quality of the fuels but also causes severe air pollution by 
forming NO, and SO, gases during their combustion. These oxide gases are 


the major sources of acid rain. Hydroprocessing is the method designed to 
remove pollutants such as sulfur and nitrogen from chemical fuels. During 
this process, hydrogen gas will be used to hydrogenate sulfur and nitrogen 
compounds, and finally remove them in the form of H,S and NH; gases [9]. 


10.3 Hydrogen Utilization in Chemical 
Industry 


10.3.1 Ammonia Production: The Haber Process 


The Haber process, also known as Haber—Bosch process, is the well- 
established method for production of ammonia using nitrogen and hydrogen 
as precursor gases. It was first reported by two German scientists Fritz 
Haber and Carl Bosch in the early twentieth century. This process has been 
refined and optimized for industrial-level production of ammonia and other 
nitrogen fertilizers. This is one of the most important processes in chemical 
industry, and significantly, it consumes almost 50% of the total global 
hydrogen production [9]. 


Figure 10.6 shows a schematic illustration of the Haber process. The Haber 
process takes nitrogen gas from air and combines it with hydrogen from 
natural gas to form ammonia: 


. Catal yst 
+ 3H 


(10.1) N; +3H, =E ANH; AH = —92.22 kJ -mol '. 


Unreacted gas 
(N, and H,) 


Liquid ammonia 
as product 


FIGURE 10.6 A flow chart illustration of the main components in a 
typical Haber process [11]. 


Reaction pressure and temperature are typically set to be 15~25 MPa and 
300~500°C. An optimal conversion efficiency of ~15% can be achieved in 
this single-step reaction. Unreacted gases will be separated from liquid 
ammonia and recycled. This synthetic loop can eventually achieve a 
remarkable conversion efficiency of 97% [10]. 


10.3.2 Hydrogenation of Unsaturated Hydrocarbons 


Hydrogenation has been widely used for converting unsaturated organic 
compounds to saturated organic compounds in the presence of transition 
metal catalysts [9]. For instance, hydrogenation can convert alkene to 
alkane, alkyne to alkene or alkane, aldehyde to primary alcohol, ketone to 
secondary alcohol and nitrile to primary amine, and so on, as shown in 
Lindlar reduction [12]. Therefore, hydrogenation is one of the most 
important reactions for organic synthesis. 


(10,2) H:PdCl, +H,0 + CaCO, — PdO/CaCO, 


(10.3) PdO/CaCO, + HCOOH — Pd/CaCO, 


(10.4) Pd/CaCO, proces conditioned Pd/CaCO, 


He(1 atm), conditioned Pd/CaCO; 


quinoline, hexane 


(10.5) 


Moreover, hydrogen has also been used extensively to decrease the degree 
of unsaturation in vegetable oils. The reduction of unsaturation in vegetable 
oils can increase their melting points and enhance resistance to oxidation 
that enables preservation for a longer period of time. The degree of 
hydrogenation can be well controlled by varying the amount of hydrogen, 
reaction temperature and time, and the catalyst used (Fig, 10.7). For 
example, vegetable oil can be converted to margarine via partial 
hydrogenation. Some trans fats may be generated in the process of partial 
hydrogenation [13]. 
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FIGURE 10.7 A schematic diagram illustrates partial hydrogenation of a 
triacylglycerol. The reactant is a typical kind of vegetable oil and the 
product is a typical component of margarine [14]. 


10.4 Hydrogen Utilization in Metallurgical 
Industry 


10.4.1 Ore Reduction 


Hydrogen is a strong reducing agent that is used for the reduction of 
metallic ores to extract metal. Metals rarely exist in pure form. They are 


usually bonded to oxygen, sulfur, and occasionally to halogenides. 
Therefore, metals can be extracted from those metal ores through reduction 
process. Carbon, carbon monoxide, and hydrogen are commonly used as 
reduction agents. Among them, hydrogen has been avoided to be used for 
the production of metals such as iron, copper, and aluminum due to safety 
and cost considerations. Nevertheless, hydrogen has been commonly used 
for the extraction of two refractory metals, tungsten and molybdenum, 
because very pure metal powders can be obtained by hydrogen reduction of 
their native oxides [15]. 


For example, production of tungsten metal has almost been carried out 
exclusively by hydrogen reduction [16]. The reduction mechanism is 
depending on the moisture level in the environment. At low content of 
moisture, the reduction proceeds by solid-state diffusion of the oxygen out 
of the oxide, and can be represented by the following equation [15]: 


(10.6) WO, (s)+ 3H, (g)—> W(s)+3H,O% g). 


Nevertheless, another reaction path will be more favorable under higher 
temperature and high content of moisture. First, the oxygen-rich tungsten 
compounds will form W)Osg and W,,0,7 and eventually converted to 


WO). The WO, will further react with water to form WO,(OH),, which can 
consequently react with hydrogen to produce pure metal tungsten: 


(10.7) WO,(s)+H,O0(g) - WO, (OH),(g) + H(g) 


10.(OH).(¢ 3H. lo) — Wis Olo) 
(10.8) WO2(0H):(g)+3H:(g)— W(s) + 4H,0(8). 


In practice, the grain size of tungsten powder can be controlled empirically 
by setting the temperature, oxide quantity, heating time, and H, flow rate. 


The range of size usually ranges from 0.1 to 60 um [15]. 
As another example, molybdenum metal powder is produced industrially by 


reducing high purity molybdenum compounds such as molybdenum 
trioxide (MoO3, grey-green powder), ammonium hexamolybdate 


((NH,).Mo¢0j9, yellow powder) and ammonium dimolybdate 
((NH,).Mo,0-, white powder), with hydrogen gas [15]. The mechanism of 


reduction consists of two stages [17]. The first stage involves a reaction 
from MoO; to MoO, via chemical vapor transport process. In the second 


stage, MoO, is further reduced to metal Mo: 
(10.9) MoO, + 2H, — Mo+2H,0. 


Different grain sizes and shapes of metal molybdenum can be obtained by 
adjusting moisture content of H, at entry (Eig. 10.8). 


FIGURE 10.8 SEM images show different morphologies of Mo metals 
obtained from hydrogen reduction under (left) low and (right) high moisture 
content. Source: Reproduced with permission from Schulmeyer [17]. 


10.5 Hydrogen Utilization in Manufacturing 
Processes 


10.5.1 Welding Gas: Oxy-Hydrogen Welding 


Hydrogen has been used for welding as early as the beginning of the last 
century [18]. Hydrogen reacts with oxygen in a flame to form water, and 
simultaneously produces enormous energy for the welding process: 


" —s T: Sj 
(10.10) 2H2 +0: —>2H:0; AH = —572 kJ -mol™'. 


Before the introduction of acetylene, hydrogen was the basic combustible 
component in this kind of welding. Moreover, hydrogen gas has also been 
used for arc-atom welding (Fig. 10.9) [18]. 
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FIGURE 10.9 Schematic diagram illustrating the device for arc-atom 
welding. Source: Reproduced with permission from Suban et al. [18]. 


As shown in Figure 10.9, an alternating arc is maintained between two 
tungsten electrodes, with hydrogen fed into the arc. When hydrogen is 
passed through the electric arc, the temperature in the arc core is 
sufficiently high to initiate dissociation of hydrogen gas to form atomic 
hydrogen: 


ia H + H; AH = —422 kJ. mol! 


5 


H 
(10.11) 


The energy required to break down the H-H covalent bond is provided by 
the arc. When the hydrogen atoms are recombined, they give the energy 
back and the flame at this point can reach as high as 3700°C and can 
thereby be used for welding. This process has been widely used for manual 
and automatic welding of metal sheets. 


Recently, Tusek et al. has found that the static characteristic of the welding 
arc can be changed by adding different amounts of hydrogen in argon gas. 
The energy of the arc and the thermal and melting efficiency can be 
enhanced as a result of mixing hydrogen and other gases with different 
physical and chemical properties (e.g., thermoconductivity, enthalpy, and 
electric conductivity) [19]. 


10.5.2 Coolant 


The thermal conductivity of hydrogen is substantially higher than that of 
other gases (Fig, 10.10). Moreover, it has high specific heat capacity, low 
density, and therefore low viscosity, which allows it to be used as high 


performance gaseous coolant. For example, hydrogen is commonly used in 
power stations as a coolant in turbo generators, which are designed to 
provide a low drag atmosphere and cooling for single-shaft and combined- 
cycle applications in combination with steam turbines [20]. In addition, 
there was attempt to use hydrogen as cooling gas in airplanes due to its low 
density. For example, Algarni et al. compared the performance of liquid 
hydrogen with methane as coolant for airplane [21]. The results suggested 
that liquid hydrogen is a superior candidate for coolant since it saves 10% 
of the initial total mass as compared with methane. Likewise, Ahmed et al. 
reported a comparative study for cooling an aerospace plane using liquid 
hydrogen, ammonia, and krypton [22]. They found that the required amount 
of liquid hydrogen is less than that of liquid NH; or Kr, and thus proved 
that liquid hydrogen is a better coolant. It should be noted that hydrogen is a 
highly flammable gas, and therefore any cooling system using hydrogen 
coolant should be completely sealed in order to guarantee only hydrogen 
gas is presented in the system to avoid explosion. 
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FIGURE 10.10 Thermal conductivity of various gases measured at 
different temperatures. Source: Reproduced with permission from Suban et al. [18]. 


Liquid hydrogen is also a good coolant for superconductors, which will be 
discussed in Section 10.6.2. 


10.6 Hydrogen Utilization in Physics 


10.6.1 Lifting Gas 


Hydrogen was once used as lifting gas for balloons and airships in the early 
1900s. A famous airship filled with hydrogen was the Hindenburg airship, 
made in Germany in 1936. It was the longest class of flying machine and 
the largest airship by envelope volume. However, in 1937, the Hindenburg 
suddenly caught on fire and collapsed at Lakehurst Naval Air Station, New 
Jersey, while completing a single round trip passage to Rio de Janeiro. 
Although the exact cause of the Hindenburg disaster has not been 
determined yet, the drawback of using flammable hydrogen is clear. 
Thereafter, hydrogen was no longer used as filling gas for airships and it 
was replaced by helium gas. 


10.6.2 Superconductor Industry 


It is well known that superconductivity can be observed only at the 
temperature below a certain characteristic temperature, called critical 
temperature (T,.). Since most high temperature superconductors have T, 
below 200 K [23], it is necessary to find a refrigerant to cool the 
superconductors. Liquid hydrogen has a boiling temperature of 20 K [24], 
which is even lower than that of liquid nitrogen (77 K) [25]. This makes 
liquid hydrogen a suitable candidate as a refrigerant for those 
superconductors with a T, lower than the boiling point of liquid nitrogen, 
such as the magnesium diboride with a T, of 39 K [24]. In addition, the 
current density of superconductors, for example, Ba—~La—Cu-—O (T = 30 K) 
[26] and Ag-sheathed Bi-2223 (T = 20 K) [27] superconductors, at liquid 
hydrogen temperature are higher than that at liquid nitrogen temperature. 


10.6.3 Semiconductor Industry 


Hydrogen can be easily introduced into semiconductors by occupying 
different sites in different charge states, forming complexes with impurities 
and defects [28, 29]. Hydrogen as an impurity can substantially affect the 
electronic properties of semiconductor materials. Significantly, hydrogen 
exhibits different behavior depending on the host crystal structure. As an 
isolated interstitial impurity, hydrogen can occupy a number of different 


lattice sites and modify the host structure, to the point of breaking host— 
atom bonds. It can act as either a donor (H*) or an acceptor (H_) [28]. 
Density-function theory calculation shows that hydrogen most stable in the 
positive charge state in p-type GaN, explaining the experimentally observed 
passivation of acceptors [30]. Likewise, H` passivates donors in n-type 
GaN. In both cases, hydrogen always counteracts the prevailing 
conductivity and cannot act as a dopant in GaN [31]. 


There are some other cases in which hydrogen can also behave exclusively 
as donor or acceptor. For example, H* is the only stable charge state in 
ZnO, based on density-function theory calculation [32]. In this case, 
hydrogen will always give up its electron, thus increasing the concentration 
of free electrons and enhancing the electrical conductivity of ZnO. This is 
consistent with previously reported experimental results [28, 33, 34]. 


10.7 Summary 


In this chapter, we have briefly reviewed some examples of important 
applications of hydrogen gas beyond combustion and fuel cells. In the 
petroleum industry, hydrogen is mainly used for hydrocracking and 
hydroprocessing of crude oil, which produce large amounts of fossil fuels 
for commercial use. Hydrogen gas is also an essential material in the 
production of ammonia and nitrogen fertilizers through the Haber process, 
as well as hydrogenation of unsaturated hydrocarbons in chemical industry 
and organic synthesis. Moreover, hydrogen has been extensively used as 
reducing reagent for metal ore reduction. Lastly, hydrogen also can serve as 
a kind of lifting gas, a refrigerant for cooling superconductors and a dopant 
for semiconductors to modify their electronic properties. It is clear that 
hydrogen gas is essential for a number of extremely important chemical 
processes. Hydrogen sustainability is therefore critical for material supplies 
and economy growth. It is highly desired to develop environmentally 
friendly and sustainable methods for hydrogen production. 
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FIGURE 3.1 (a) Photocatalytic hydrogen generation rate collected for 
ZnO nanorod arrays (NRA) film, hydrogen-treated ZnO (H:ZnO) NRA 
film, and H:ZnO nanorod (NR) powder in a solution containing 0.1 M 
NaSO, and 0.1 M Na,S under white light irradiation. (b) Cycling 


performance of H : ZnO NRA films. Source: Reproduced with permission from Lu et 
al. [24]. 
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FIGURE 3.2 (a-b) TEM images of GaP nanowires. The inset in (a) shows 
the indexed FFT pattern of the image, indicating the wire is a single crystal 
with a growth axis of [111] direction. (c) Photograph of a large GaP 
nanowire membrane on a PVDF filter membrane. Source: Reproduced with 


permission from Sun et al. [18]. 
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FIGURE 3.3 (a,b) TEM images of graphene sheet decorated with CdS 
clusters. Inset: SAED pattern collected at the composite structure. (c) 
Schematic illustration of the charge separation and transfer in the graphene- 
CdS system under visible light. (d) Comparison of the visible light 
photocatalytic activity of graphene—CdS systems with different graphene 
loading for the H, production using 10 vol% lactic acid aqueous solution as 


a sacrificial reagent and 0.5 wt% Pt as a co-catalyst. 
permission from Li et al. [30]. 
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FIGURE 3.4 Schematic energy diagram of PEC water splitting with (a) 
photoanode, (b) photocathode, and (c) n-type photoanode and p-type 
photocathode. Source: Reproduced with permission from Liu et al. [31]. a 
PVDF filter membrane. Source: Reproduced with permission from Sun et 
al. [18]. 
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FIGURE 3.5 (a) Schematic presentation of the electrode structure. (See 
text for full caption.) 
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FIGURE 3.6 (a) SEM image of silicon nanowire arrays fabricated by 
metal-catalyzed chemical etching; inset is the photograph of 

~10 mm x 10 mm silicon nanowire array sample with low reflection. (See 
text for full caption.) 
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FIGURE 3.7 (a) Linear sweep voltammograms collected on pristine TiO, 
(H : TiO,) nanowires annealed at temperature of 350, 400, and 450°C. (b) 
IPCE spectra of pristine TiO, and H:TiO, nanowires. The inset is the 
magnified IPCE spectra that highlighted in the dashed box. (c) Simulated 
solar-to-hydrogen efficiencies for the pristine TiO, and H:TiO, samples as a 


function of wavelength, by integrating their IPCE spectra collected at 

-0.6 V versus Ag/AgCl with a standard AM 1.5G solar spectrum. (d) Mott- 
Schottky plots collected at a frequency of 5 kHz in the dark for pristine 
TiO, and H:TiO, nanowire. Source: Reproduced with permission from Wang et al. [11]. 
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FIGURE 3.8 (a) Overlay of Fe 2p XPS spectra of air annealed hematite 
(denoted as: A-hematite) and oxygen-deficient hematite (denoted as: N- 
hematite), together with their different spectrums. The dashed lines 
highlight the satellite peaks of Fe** and Fe?*. (b) Mott-Schottky plots 
measured for A-hematite and N-hematite. Inset: magnified Mott-schottky 
plot of N-hematite. (c) Linear sweep voltammograms collected on A- 
hematite and N-hematite under a simulated solar light of 100 mW cm? and 
dark condition with a scan rate of 10 mV s |. (d) The corresponding IPCE 
spectra for A-hematite and N-hematite collected at potentials of 1.23 and 
1.5 V versus RHE. Source: Reproduced with permission from Ling et al. [46]. 
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FIGURE 5.1 A summary of current status of hydrogen storage 
technologies in terms of weight, volume, and cost. These values are 
estimates from storage system developers and the R&D community and 
will be continuously updated by DOE as new technological advancements 
take place. Source: Reproduced with permission from 


[2]. 
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FIGURE 5.4 Energy required to compress 1 mole hydrogen from 1 atm at 
20°C for a one-stage, a two-stage, and a three-stage compression process. 
The lowest curve show Wy calculated using Equation (5.12) for the ideal 
gas case. 
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FIGURE 5.5 An example of the polymer electrolyte hydrogen pump 
(PEHP). Source: Reproduced with permission from Abdulla et al. [9]. 
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FIGURE 5.7 The illustration of the JT inversion curve (reproduced from 
Barron [11]) and the JT inversion curves for some conventional gases. 
Source: Reproduced with permission from Flynn [12]. 
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FIGURE 5.8 Schematic and temperature-entropy diagram of a simple 
Linde cycle. Source: Reproduced with permission from Barron [11]. 
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FIGURE 5.9 Schematic and temperature-entropy diagram of a simple 
Claude cycle. Reproduced with permission from Barron [11]. 
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FIGURE 5.10 Schematic illustration of a representative cryogenic vessel. 
Source: “Hydrogen storage: state-of-the-art and future perspective,” 
http://publications. jrc.ec.europa.eu/repository/bitstream/111111111/6013/1/ 
EUR%2020995%20EN.pdf. 
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FIGURE 6.2 The typical PCT curves for the hydrogenation and 
dehydrogenation of a metal hydride under a fixed temperature T. 
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FIGURE 6.3 The van 't Hoff plots of several selected metal hydrides. 


Source: Reproduced with permission from Zuttel [3]. 
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FIGURE 6.5 Illustration of the four stages of hydrogenation process for a 


metal powder. 


FIGURE 6.7 Structure of LaNi;5H7. The sizes of the atom are declined 


from La, to Ni, to H. Source: Reproduced with permission from figure 2.52 in Sorensen 
[18]. 
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FIGURE 6.13 Equilibrium diagram of the C + H, system at 1 atm 
pressure. Source: Adapted with permission from Baddour and Iwasyk [39]. 
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FIGURE 7.1 Hydrogen storage density in physisorbed materials, 
metal/ complex, and chemical hydrides. Source: Reproduced with permission from 


Niemann et al. [1]. 


Cage B 


FIGURE 7.7 Different cages in the crystal structure of NOTT-112. 
Copper: blue-green; carbon: grey; oxygen: red. Water molecules and H 
atoms are omitted for clarity. Source: Reproduced with permission from Yan et al. [46]. 


(b) 


Hydrogen storage capacity at77K Hydrogen storage capacity at 77 K (wt%) 
o 
8 


“0 200 400 600 800 
Absolute pressure (mbar) 


400 600 800 


1000 


1000 


IRMOF-1 


FIGURE 7.8 Hydrogen storage capacity at 77 K, and 1 bar of (a) the 


products and (b) the benchmark materials are shown for comparison. 


IRMOF stands for isoreticular MOF and MDC for MOD derived. 


Reproduced with permission from Yang et al. [48]. 
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FIGURE 7.9 H, gas content as a function of THF concentration, and a 
schematic diagram of H, distribution in the cages of THF+H), hydrate. (H> 
gas content is calculated from g of H, per g of hydrate, and expressed as 
wt%.) In region III, H, molecules are only stored in small cages, while in 
region II, both small and large cages can store H, molecules. At the highly 
dilute THF concentrations of region I, H, molecules can still be stored in 


both cages, but extreme pressures (~2 kbar) are required to form the 
hydrates. Pure H, clathrate (2H>)5:(4H>)-17H»,O would have a 5.002 wt% 


H2 content. Source: Reproduced with permission from Lee et al. [50]. 
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FIGURE 9.1 Schematic drawing of a hydrogen/oxygen fuel cell and its 
reactions based on the proton exchange membrane fuel cell. Source: 


Reproduced with permission from Carrette et al. [4]. 


FIGURE 9.6 Atomic structure and the space filling stacking model of Fe— 
Pc (A,C) and Fe—SPc (B,D). 


Source: Reproduced with permission from Wu et al. [53]. 
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FIGURE 9.7 A digital photo image, AFM, and corresponding height 
analyses of the nitrogen doped grapheme. Source: Reproduced with permission 
from Gong et al. [54]. 
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FIGURE 9.9 Top view of reduction pathways examined for the adsorbed 
O atoms on the partially OH(ads)-covered (202) surface of CogSg. Source: 


Reproduced with permission from Sidik and Anderson [46]. 
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